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EDWARD BROWNING MEIGS 
1879-1940 





Edward Browning Meigs died November 5, 1940. Born in 
Philadelphia, September 10, 1879, he represented the ninth genera- 
tion of the Meigs family in this country. He graduated from 
Princeton University in 1900, and from the Medical School of the 
University of Pennsylvania in 1904. During 1904-06 he was 
assistant in physiology at the University of Pennsylvania; from 
1907-10, instructor in physiology at Harvard Medical School; 
from 1910-15, fellow in physiology at the Wistar Institute, Phila- 
delphia. During this time he worked at the Physiological In- 
stitute at the University of Jena, in the Physiological Laboratory, 
Cambridge, England, and the Marine Biological Laboratory at 
Woods Hole, Massachusetts. 

In 1915, Dr. Meigs took charge of the newly organized labora- 
tory at Beltsville, Maryland, for the study of the nutrition of 
dairy cows in the Dairy Division of the Bureau of Animal Indus- 
try, United States Department of Agriculture—later the Bureau 
of Dairy Industry. When this work was subsequently organized 
as the Division of Nutrition and Physiology in 1937, Dr. Meigs 
was made Chief of this Division. 

Before entering the Government service Dr. Meigs had pub- 
lished twenty-five papers on the physiology of muscular contrac- 
tion, the osmotic properties of muscle, and the osmotic properties 
of calcium and magnesium. His contribution to the nutrition 
and physiology of the dairy cow included twenty-seven papers 
and bulletins. In this field he made notable contributions to the 
knowledge of the mineral metabolism of the dairy cow and the 
part played by hay and other forages in supplying minerals and 
vitamins to milking cows. He was able to demonstrate, as the 
result of an outbreak of mastitis, that mastitis could be produced 
or cured almost at will by the control of physical conditions. 

Dr. Meigs’ great grandfather, grandfather, and father were 
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physicians. A description of his father, written in a memoir, was 
equally characteristic of Dr. Meigs. He characterized his father 
as having a “passion for the truth,” “his mind had a peculiar quality 
of exactness; he never deluded himself into thinking that he under- 
stood a matter until he had thoroughly grasped it,” and “‘it is 
difficult to say whether more of my father’s energy was given to the 
practice of medicine or to scientific research.”” There was a further 
similarity in the father and son in their interest and study of the 
chemistry of milk and its formation. It was this interest, un- 
doubtedly, that made his position with the Government so attrac- 
tive and all absorbing. 

Ill health interfered with his work in the past few years. He was 
obliged to give up the administrative work of his position. He 
continued, however, his active interest in the work of his Division 
and devoted himself to the preparation for publication of the 
results accumulated in his active years. 

Those who were fortunate enough to know Dr. Meigs will 
remember his gentle courteous manners and unfailing generosity 
of thought and action, and his true friendliness, along with his 


scholarly attainments and zeal for the truth. 
PauL KE. Howr 
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CYSTINURIA. THE EFFECT OF VARIOUS AMINO ACIDS 
ON THE EXCRETION OF CYSTINE* 


By W. C. HESS anp M. X. SULLIVAN 


(From the Chemo-Medical Research Institute, Georgetown University, 
Washington) 


(Received for publication, April 10, 1941) 


The condition known as cystinuria has long baffled investigators 
who have tried to explain its mechanism and etiology. The 
finding, repeatedly verified, that the level of cystine excretion by 
a cystinurie is not increased by the ingestion of cystine itself but 
is increased by feeding proteins, rich in sulfur, has always been 
difficult to understand. A new impetus was given to the study 
of cystinuria, however, by the investigations of Brand, Cahill, and 
Harris (1) who suggested that, ““The cystine excretion in cystinuria 
is caused mainly by dietary methionine, but the inborn error of 
metabolism is concerned with the handling of cysteine.” They 
consider that, ‘“One of the pathways of methionine catabolism is 
its conversion into cysteine.” 

This hypothesis was proposed because the ingestion of 8.0 gm. 
of dl-methionine or 8.8 gm. of cysteine hydrochloride produced an 
increased excretion of 2.0 gm. of cystine in a cystinuric, while 
the ingestion of cystine produced no extra urinary cystine. Brand, 
Cahill, and Block (2) also found that, while the ingestion of 5.5 
gm. of homocysteine produced 1.€ gm. of extra cystine in the cys- 
tinuric urine, the feeding of 7.2 gm. of homocystine produced no 
extra cystine. 

Lewis, Brown, and White (3) fed di-methionine and cysteine 
hydrochloride to a cystinuric and, while they found extra cystine 
in the urine, the amounts were considerably less than those re- 
ported by Brand, Cahill, and Harris (1). Andrews and Randall 


* Preliminary reports of this work were presented before the meetings 
of the American Society of Biological Chemists held at Baltimore, March, 
1938, and at New Orleans, March, 1940. 
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(4) administered dl-methionine to a cystinuric boy and were unable 
to detect any significant increase in urinary methionine. They 
suggested the possibility of variation among cystinuric individuals 
and also the desirability of studying as wide a range of subjects 
and conditions as possible. Later, Andrews, Andrews, and 
Rutenber (5) repeated their experiments upon the same boy, now 
postadolescent, and found that the ingestion of large doses of 
dil-methionine (up to 5.0 gm. daily) caused an increase in urinary 
cystine, a finding reaffirmed by Andrews and Andrews (6). 

It may be pointed out that most students of cystinuria have 
estimated only the free cystine, that is the cystine which was in 
solution in the urine and that present in the sediment, and have 
ignored cystine present ina bound form. That the urinary cystine 
may be bound to a considerable degree was early suggested by 
Delépine (7). Later, Sullivan (8) reported that a cystine com- 
pound is present in normal urine and Brand, Harris, and Biloon 
(9) found that a cystinuric urine contained a cystine compound 
which gradually decomposes, with the liberation of free cystine. 

Sullivan and Hess (10) using improved procedures then showed 
that normal urines contain a small amount of free cystine and in 
addition complexes which liberate cystine on standing and also 
on treatment with acids or alkali. Acid hydrolysis of urine gives, 
in fact, a considerable increase in the cystine content as determined 
colorimetrically both for the normal and the cystinuric cases. 

Since we had the opportunity of studying several cystinuric 
individuals, attention was paid to the free cystine and the bound 
cystine and to the effect of the ingestion of various amino acids on 
the amount of cystine excreted. The results of these experiments 
are given in this paper. 


EXPERIMENTAL 
Subject M. K. was a 40 year-old male of Jewish parentage, 73 
kilos in weight. There was a history of calculus formation as 
evidenced by renal colic and the passage of small cystine stones 
about 20 mm. in diameter. During the period of the present 
investigation the urine contained numerous cystine crystals but 
no stones. 
Subject D. R. was a 38 year-old male of Jewish parentage, 
67.5 kilos in weight. The subject also had a history of calculus 
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W. C. Hess and M. X. Sullivan 5 


formation. His urine always contained a considerable number of 
cystine crystals. Both subjects were otherwise in excellent physi- 
cal condition. Since they were working during the experimental 
periods, it was impossible to hospitalize them or to control their 
diets rigorously. However, both men were intelligent and co- 
operative and maintained a fairly strict medium protein dietary 
as was evidenced by the constancy of their cystine and sulfur out- 
put during the numerous control periods. During several ex- 
perimental and control periods, Tables I and II, total urinary 
nitrogen and creatinine were determined. The constancy of these 
values served to confirm the fact that the subjects were living upon 
a rather regular dietary. It is evident that the regularity of the 
sulfur excretion, during the control periods, is as good a check upon 
the dietary intake as are the determinations of nitrogen and 
creatinine. 

Subject W. H. was a 40 year-old male also of Jewish parentage, 
78 kilos in weight. This subject was used as normal control and 
has never shown any indication of greatly increased cystine excre- 
tion. Similar precautions to keep the diet rather uniform were 
taken in his case as with the other two subjects. In both the 
cystinuric and normal cases the urine volume did not vary 
greatly from period to period. 


Methods 


The cystine determinations in the urine were made by means of 
the Sullivan (11) method and the procedures employed by Sullivan 
and Hess (10) for normal urines. The cystine in the sediment was 
determined by filtering the whole urine, dissolving the sediment in 
0.1 n HCl, and analyzing an aliquot of this solution. The de- 
terminations of the cystine content before and after hydrolysis 
were all made on the filtered urines. The sulfur partition was 
made gravimetrically by the methods of Folin (total sulfate and 
ethereal sulfate) and Benedict (total sulfur). 

The compounds administered were (a) /-methionine isolated 
from casein by the method of Hill and Robson (12) (the total sulfur 
showed it to be 99 per cent pure); (b) l-cysteine hydrochloride 
prepared from a highly purified sample of /-cystine by reduction 
by tin and hydrochloric acid and subsequent isolation of the 
crystalline compound; (c) dl-alanine, d-glutamic acid, and glycine 
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obtained from the Eastman Kodak Company; (d) glycylmethio- 
nine prepared from naturally occuring methionine by methods 
detailed by Hess and Sullivan (13). The total sulfur showed it 
to be 99.9 per cent pure. 

The various compounds were administered by mouth, after 
breakfast, and were followed by ingestion of water. The urine 
specimens were collected over chloroform and the period of col- 
lection was from 8 a.m. to8 a.m. The specimens were analyzed 
immediately after collection. 


Results 


In Table I are presented the data for a series of experiments 
upon subject M. K. As judged by comparison of the average 
daily output of the immediate pre- and postfeeding periods on the 
basal ration with the actual amount excreted during the various 
addition periods, the only change in diet which produced an in- 
crease in cystine excretion by M. K., Table I, is a high protein diet. 
It may be emphasized that neither the ingestion of cysteine hydro- 
chloride nor of /-methionine caused any noticeable increase in the 
cystine excretion. It would appear then that subject M. K. fed 
different levels of methionine upon three separate occasions did 
not excrete extra urinary cystine following such feedings. 

Finding our results with M. K. at variance with those of Brand, 
Cahill, and Harris (1), of Lewis, Brown, and White (3), and of 
Andrews and coworkers (5, 6), we conducted a similar series of 
experiments upon another definite cystinuric, D. R., with results 
more like those of other investigators. The results are given in 
Table IT. 

In the case of D. R. the ingestion of 2.0 gm. of l-methionine for 
3 suecessive days (Period 2) produced during these 3 days and the 
next an excretion of 0.61 gm. of extra cystine. The total extra 
sulfur, in the urine, accounted for 87 per cent of the sulfur fed as 
methionine, and the extra cystine sulfur was 12.4 per cent of the 
sulfur fed. <A repetition of this experiment is given in Table II 
(Period 22). The ingestion of 6.0 gm. of l-methionine during the 
3 day period led to the excretion of 0.70 gm. of extra cystine. 
Since the sulfur output did not return to normal until the 3rd 
day following the last administration of methionine, a total of 5 
days was included in the feeding period. It may be noted that the 
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cystine output of the control period following the ingestion of the 
methionine (Period 23) was no greater than that during the control 
period prior to the ingestion of the methionine (Period 21). The 




















TaBLe [| 
Effect of Amino Acids on Excretion of Cystine in Cystinuria (Subject M. K.) 
Cystine* Sulfur 
— Date Substance fed i E 5 3 g 
| § o5 5 a ar) 
2 [g2/22/2/ 2/8] 2 
< foe) < al i) Z a 
1938 |} gm. | gm. | gm. | gm. | gm. | gm. | gm. 
if Jan. 17-20 0.62/0.86/0.74/0.41)0.33 
2 -. a Methienine | 2.0)0.68/0.88/0.99)0.68)/0.31 
ey ae ~ | 2.0/0. 60/0 .69)0.81/0. 53/0. 28 
. 0.61/0.94/1.03)0.66)0 .37 
3t ‘ 24-25 0.5110. 80/0. 68/0. 36/0. 32 
j i Cysteine HC] | 2.6/0.54/0.82)0. 85/0. 58/0.32 
a | 0.55|0.74/0.92)0.51/0.41 
5t “« 628- 0.51/0.67|0.73/0.43)0.30 
Feb. 4 | 
6 Feb. 5 Glycine 10.0/0.44/0.65)0. 80/0. 51/0. 29 
Pa = | 10.0)0.59/0.7410. 80/0. 50/0. 30 
7t “« 69-11 0.53/0.70/0.71/0.41/0.30 
S Mar.8 0.36)0.72/0.75)0.43/0.32) 8.9 
9 ~ ae High protein diet 0.48/1.01)1.00/0.69)0.31/16.9 
a 7 - = 0.55)0.89/0.85)0.47/0.38)17.5 
— Ae “= = 4 0.72/0.82/0.95)0.55}0.40)}17 .2 
rT) Ae 0.48/0.81/0.80)0.44/0.36)12.8 
107 “14-15 0.45/0.72/0.81/0. 55/0. 36)11.2 
11t “ §6©22-23 0.52/0.81/0.99/0. 63/0 .36 
12 sian Methionine 5.0/0 .45)0.76)1 . 55)1 . 190.36 
a. a = 5.0)0.53/0.83/1.62}1.24/0.38 
13t ‘¢ =6- 27-28 0.58/0.81/1.13/0.75)0.38 
1940 
14¢f | Oct. 17-19 0.86)1.02/0. 86/0. 58/0. 28) 11.82 
15 * 2 Methionine 3.0/0.83)1.03/0.97/0.67/0.30)12.49 
=~. i - 3.0/0.97/1 .03)1. 18/0. 85j0.33) 11.93 
“ 0.780 .95)1 . 24/0. 89/0. 35)11 69 











* These values were obtained by adding the cystine of the respective 
sediment (20 to 160 mg.) to the cystine in the filtrate. 

t In this period the figures indicate the average daily excretion. 

t During Periods 14 and 15 daily creatinine determinations were made. 
The values varied from 1.59 to 1.68 gm. per day. 
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TABLE II 
Effect of Amino Acids on Excretion of Cystine in Cystinuria (Subject D. R.) 
Cystine* Sulfur 
Period . 2 q 3 
No. Date Substance fed ‘ 2 2 5 oy a 
2 1Sel88/ 3/4) 8] 2 
ie | |e le&l2) 2 
1939 gm. | gm. | gm.| gm. | gm.|gm.| gm 
lt | Oct. 31- 0.38/0.70)0.57/0.30/0.27 
Nov. 4 
2 Nov. 9 Methionine 2.0 |0.7410.7610.7910.43/0.36 
“ 10 7 2.0 |0.83/1.02/1.01/0.58/0.43 
a a 2.0 |0.84/1.04/1.09/0.64/0.45 
ye 0.79/0.81/0.97/0.61/0.36 
3 “ 13 0.76)0.81/0.80/0.42/0.38 
4 ai Alanine 5.0 |0.94/0.97/0.75)0. 3910.36 
“17 a 5.0 |0.91/0.97|0.86/0. 4010.46 
“ 8B 0.77/0.88/0.81/0.40\0.41 
5 “ 19 0.58/0.71/0.70/0.37/0.33 
6t | Dec. 7-9 0.80)0.95/0.73/0.35/0.38 
7 on Glutamic acid 5.0 |0.87/0.99/0.7210. 3010.42 
“ 12 a a 5.0 |0.72)0. 92/0. 62/0. 26/0.38 
“« 13 0.92|1 .00/0.74/0.37|0.37 
8 “ 14 0.72/0.85/0.71/0.35/0.36 
1940 
9+ | Feb. 19-20 0.8510.95/0.8810.51/0. 37! 
10 “« 2 Glycine 5.0 |0.86/1.03/0.90/0. 50/0. 40 
“ 2 a 5.0 |1.00)1 .05/0.99/0.56)0.43 
“ 2 0.90/0.94/0.9510.53/0.42 
il “o 0.8210.9110.9010.51/0.39 
12 “ 25 Glycylmethionine | 2.76/0.99/1.05/0.99 0.56/0.43 
“ 26 a 2.76/1.14/1.19/1.14/0.69]0.45 
“ @ as 2.76/0.90/1.01/1.04/0.58/0.46 
“ 28 1.00}1.17/1.16/0.68)0.48 
13 > | 0.80/0. 8910 .89}0. 520.37) 
14¢ | June 28-30 | (0.5510.65)0.90/0. 41/0. 49) 
15 | July 1 | Cysteine HCI 2.6 |1.14]1.25]1.10/0.51\0..59| 
a 0.67/0.75|1.01/0.4910.52) 
16 ef 0.74/0.81/0.84/0.3810. 46 
17 w4 | Cystine 2.0 (0.60}0.80|1 .07}0.66(0..41 
“ § PETE r 
18 “ 6 | (0.69/0. 76/0. 88/0. 45)0.43 
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TaBLe II—Concluded 




















| Cystine* Sulfur 
| | 
Period | Date | Substance fed 2 i E 
me | ¢ 25 = 3 ? 
§ |s5i/851 3/3 ; 
| Bi l4| 2/2/28) 2 
1940 gm. | gm. | gm. | gm. | gm. | gm. | gm 
19tt | Nov. 8-12 | 0.94/0.99/0.89|0.41/0.48] 9.53 
2 | “ 13 | Alanine 5.0 |1.11/1.14/0.91/0.35/0.56| 9.26 
St, A ae 5.0 |1.05/1.11/0.90/0.38/0.52] 9.49 
Pee Oe 0. 88/1. 13/0.98)0.4510.53) 9.60 
21 | mp | 0.80/0.94/0.94/0.4510.49| 9.48 
22 | “ 17 | Methionine 2.0 \0.72'0.96/1.02/0.45|0.57/10.40 
ate ° 2.0 |0.84)1.25|1.11/0.54/0.57|10.80 
“ 19 a 2.0 |0.85/1.14]1.26)0.70/0.56|10.66 
| “« 90 | 0.94/1.00/1.15/0.60)0.55|10.88 
“ 91 0.80/0.95)1.16/0.64/0.52)10.52 
23 | * 2 | 0.78|0.90/0.92/0.48/0.44/10.73 
4 | “ 2 | Glycylmethionine | 2.76/0.86)1.09)1.02/0.51/0.51/10.56 
tae a 2.76|0.88|1.12|1.17/0.63/0.54/10.55 
Ss | ” 2.76)0.93)1.12|1. 18}0.61/0.57/10.93 
|“ 2% 0. 84/1 .06)1.09/0.57|0.52|10.76 
25 og | 0.74/0.92/0.94/0.51/0.43/10.76 














* These values were obtained by adding the cystine of the respective 
sediment (70 to 460 mg.) to the cystine in the filtrate. 

+ In this period the figures indicate the average daily excretion. 

t In Periods 19 to 25 inclusive daily creatinine determinations were 
made. The values varied from 1.89 to 2.43 gm. per day. 


extra sulfur excreted during the 5 days accounted for 81.4 per cent 
of the sulfur fed as methionine. 

Subject D. R. apparently does excrete extra cystine after the 
feeding of methionine, thus differing from subject M. K. In the 
experiments of Brand, Cahill, and Harris (1) the ingestion of 4.0 
and 8.0 gm. of dl-methionine caused an excretion of 0.63 and 2.03 
gm. of extra cystine respectively. These values especially after 
the ingestion of 8.0 gm. of dl-methionine are greater than those 
obtained upon subject D. R. In a similar experiment Lewis, 
Brown, and White (3) fed 4.7 gm. of dl-methionine and found 
(0.56 gm. of extra cystine in the urine, a value closely approximating 
those obtained by us on subject D. R. 

Schmidt, Allen, and Tarver (14) have suggested that the con- 











10 Amino Acid Effect on Cystine Excretion 


version of methionine to cystine may take place when the methio- 
nine is contained in a peptide. With this hypothesis in mind 
glycylmethionine was synthesized (Hess and Sullivan (13)) and 
fed to subject D. R. After the ingestion of 8.28 gm. of glycyl- 
methionine, equivalent to 6.0 gm. of methionine (Period 12, Table 
II), there was excreted 0.82 gm. of extra cystine. The total extra 
sulfur excreted was 58 per cent of the sulfur fed. The repetition 
of the ingestion of glycylmethionine (Period 24, Table II) showed 
the same phenomena as the first experiment. The feeding of 
8.28 gm. of glycylmethionine led to an excretion of 0.75 gm. of 
extra cystine and an excretion of 57.3 per cent of the sulfur fed. 
Both of these experiments indicate, perhaps, poorer absorption of 
the peptide than of methionine itself. However, of the extra 
sulfur excreted in the first experiment, 29 per cent was cystine 
sulfur as compared with 14 per cent when 6.0 gm. of methionine 
were fed, and in the second experiment 27 per cent of the extra 
sulfur excreted was cystine sulfur as compared with 17.7 per cent 
when 6.0 gm. of methionine were fed. Thus, based on the extra 
urinary sulfur, there is some slight evidence that this particular 
methionine peptide is a better source of extra urinary cystine than 
is methionine itself. 

Since the administration of methionine produced each time a 
definite increase in the output of cystine in the urine of subject 
D. R., it was considered worth while to test some other amino 
acids as to their effect on the cystine output. 5 gm. of alanine were 
fed for 2 successive days (Period 4, Table II). As judged by pe- 
riods 3, 4, and 5 (Table II), the urine showed 0.54 gm. of extra 
cystine for the 2 feeding days and the following day. In other 
words the ingestion of 10 gm. of alanine produced 87 per cent as 
much extra cystine as did the ingestion of 6.0 gm. of l-methionine. 
The total sulfur output of the urine was likewise increased and the 
extra cystine sulfur accounted for 85 per cent of the extra total 
sulfur. 5 gm. of glycine were than fed for 2 successive days (Pe- 
riod 10) and as a result of the ingestion of 10 gm. of this amino 
acid 0.23 gm. of extra cystine was excreted, as determined by a 
comparison of Period 10 with Periods 9 and 11 (Table II). The 
extra total sulfur output was 0.17 gm., exactly the same as after 
feeding 10 gm. of alanine. The ingestion of 10 gm. of alanine was 
repeated at a subsequent time following a 5 day control period 
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(Periods 19 and 20) and resulted in the excretion of 0.48 gm. of 
extra cystine. This value is but slightly less than the 0.54 gm. 
excreted previously following the administration of the same 
amount of alanine (Period 4, Table II). After these findings with 
subject D. R. the data for the feeding of 20 gm. of glycine to sub- 
ject M. K. (Period 6, Table I) were reconsidered and while only 
(0.02 gm. of extra cystine was excreted the extra total sulfur output 
was 0.16 gm., practically the same as with subject D. R. following 
the ingestion, in separate experiments, of 10 gm. each of alanine 
and glycine. 

The ingestion of 5.0 gm. of glutamic acid for 2 successive days 
(Period 7, Table II) resulted in the excretion of 0.21 gm. of extra 
cystine, approximately the same increase as after feeding a similar 
amount of glycine. However, after the feeding of the glutamic 
acid there was a slight diminution of the total sulfur output in- 
stead of the increase which followed the administration of alanine 
and glycine. Luck and Amsden (15), working with dogs, found 
that parenterally administered amino acids stimulated endogenous 
protein catabolism and caused a 30 to 40 per cent increase in the 
excretion of total sulfates. Reid (16) reported that alanine and 
especially glycine increased the excretion of inorganic sulfur when 
fed to fasting dogs. Our findings that amino acids given by 
mouth stimulate endogenous protein catabolism and increase 
sulfur excretion agree with those of Luck and Amsden and of 
Reid. 

In the case of subject D. R. the ingestion of 2.6 gm. of cysteine 
hydrochloride produced a marked increase in the extra urinary 
cystine (Period 15, Table I]). As judged by Periods 14, 15, and 
16, Table II, the extra cystine excreted accounted for 27 per cent 
of the sulfur ingested, a value far in excess of those for either 
methionine or glycylmethionine which caused an extra exeretion 
of cystine corresponding to 12.4 and 17 per cent of the sulfur fed. 

In order to complete the series of the sulfur-containing amino 
acids fed, 2.0 gm. of cystine were administered (Period 17, Table 
Il). In agreement with the findings of all other investigators we 
found no extra urinary cystine was produced. There was a slight 
decrease in the neutral sulfur excreted and 86.9 per cent of the 
sulfur ingested as cystine was excreted as inorganic sulfate sulfur. 

The two cystinurics, M. K. and D. R., differ markedly in the 
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response to the addition to their diets of methionine, cysteine, 
and glycine. M. K. excreted no extra cystine, while D. R. showed 
extra cystine after each of these amino acids. 

Since the cystinurics investigated differed markedly as regards 
the effect of methionine, etc., on cystine excretion, recourse was 
had to a normal subject in whom urinary cystine excretion tended 
to be somewhat higher than in other normals studied by us. 
Mueller (17) when feeding small amounts of methionine to an 
adult male found that the methionine sulfur was rapidly oxidized. 
Medes (18) reported that the sulfur of /-methionine was recovered 
100 per cent in the urine as inorganic sulfate within 16 hours after 
ingestion. 

Accordingly, as detailed in Table III, a normal subject, W. H., 
was fed 5.0 gm. of glycine (Periods 2 and 18), glutamic acid 
(Period 4), and alanine (Periods 6 and 16) for 2 successive days. A 
study of Table III shows that none of the amino acids caused a 
noticeable increase in cystine excretion. The ingestion of 10 gm. 
of alanine in two separate experiments, however, caused an in- 
creased sulfur output of 0.23 and 0.36 gm., while glycine had little 
effect upon sulfur excretion. 

The normal cystine output of this subject, though somewhat 
higher than that of other normals of this laboratory, was quite 
uniform, as can be noted from the data presented in Table III 
for the various control periods (Nos. 1, 3, 5, 7, ete.). The uni- 
formity of the diet can be judged from the regularity of the nitrogen 
and creatinine excretion as well as the total sulfur. 

Virtue and Lewis (19) have reported the excretion of some sub- 
stance containing the disulfide grouping, other than cystine, fol- 
lowing the ingestion of methionine by rabbits. We have looked 
for such a substance in the urine of W. H. following the administra- 
tion of methionine. By the use of the Okuda method as detailed 
previously (Sullivan and Hess (10)) it is possible to distinguish 
between cystine and other disulfides. The hydrolysates of the 
urine of W. H. before and after feeding methionine gave prac- 
tically the same value by the Okuda method as they did by the 
Sullivan method. Apparently, in this urine with relatively much 
smaller dosage of methionine than was used by Virtue and Lewis 
(19) there is no evidence for the excretion of any disulfide com- 
pound other than cystine, normally present in small amounts. 
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TaBLe III 


Effect of Amino Acids on Excretion of Cystine in a Normal (Subject W. H.) 


Period 


No. 


14 
15*t 
16 


17 
18 


19 












































| Cystine Sulfur 
, 
| Date |—_-Substance fed n : 3 : 
| blsclglalal il? 
a 
| | Sis |sl2\e)2| 2 
| 1940 | gm. | gm. | gm. | gm. | gm. | gm. | gm. 
Jan. 15-18 | 0.11/0.17/0.86/0.65)0.21 
| Glycine | 5.0 |0.08)0. 15|0.89)0.72/0.17 
} «“@ | “ | 5.0 |0.10/0. 14]0.86)0.69/0. 17 
ae 0. 10/0. 15}0.79/0.61/0.18 
“= | 0.08/0. 15|0.80/0.63)0. 17 
oY ae Glutamic acid | 5.0 |0.09)0.15)0.79)0.59)0.20 
“ 2% * “| §.0 |0.10)0. 14/0. 88/0. 68/0. 20 
“ 2 | 0. 10/0. 14/0.85)0.65)0. 20 
“ 2 | 0. 10/0. 14|0.84/0.67\0.17 
“« 98 dl-Alanine | 5.0 |0.09/0.13/0.89/0. 76/0. 13 
“« 29 “ | 5.0 0.08/0. 12/0.97)0.81/0.16 
“ 30 | /0.10/0. 14/0.86/0.63)0.23 
“ 31 | |0.08)0. 12/0.82/0.60/0. 22 
July 6-7 | (0.050. 140. 83/0. 67/0. 16 
‘ee Cysteine HC] | 2.6 (0.07 (0. 16,1 .24)1.08)0. 16 
| parry | 1005/0. 15/0. 86,0.69/0. 17 
| «10 (0.0510. 16)0.85/0.68)0.17 
in) “age l-Methionine | 2.0 \0.040.18/1.18)0.89/0.29 
“ 12 | (0.05)0. 1510.84)0.680. 16 
13 | 0.05/0. 16/0.83/0.66/0..17 
14 Cystine | 2.0 (0.06/0.16)1.31)1.12/0.19 
15 (0.050. 160.85/0.67/0.18 
“ 16 '0.05/0. 14'0.86)0.71)0. 15 
Nov. 24-27 (0.060. 14/0.72/0.54/0. 18} 9.01 
“ 2 dl-Alanine | 5.0 0.07/0.17/0.73\0.57/0.16| 9.72 
“ 29 a 5.0 |0.07/0.19/0.87:0.660.21)10.61 
“ s ___10.07/0. 180.940. 76/0. 18] 9.45 
Dec.1 | | 0.0610. 14/0.7410.58)0. 16] 9.22 
a § Glycine | 5.0 (0.07(0.17(0.74/0.55)0.19) 9.58 
3 a 5.0 |0.06)0.19)0.76,0.55)0.21| 9.44 
4 | [0.06 (0. 15|0.750.58)0.17| 9.36 
“5 | |0.06.0. 1510.76)0.60)0. 16) 9.33 





* In this period the figures indicate the average daily excretion. 
+ In Periods 15 to 19 inclusive daily creatinine determinations were 


made. 


The values varied from 1.62 to 1.88 gm. per day. 
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SUMMARY 


The urine of one cystinuric, M. K., showed no increase in 
cystine content following the ingestion of from 4 to 10 gm. of l- 
methionine upon three separate occasions and a very slight increase 
following the ingestion of cysteine hydrochloride. On the other 
hand, an increased protein intake markedly increased the cystine 
output. The ingestion of large amounts of glycine was without 
effect upon the cystine excretion but did increase, somewhat, the 
total sulfur excretion. 

The urine of another cystinuric subject, D. R., gave results in 
rather marked contrast to that of M. K. The ingestion of l- 
methionine and of glycylmethionine upon several occasions and 
also the feeding of cysteine hydrochloride increased the cystine 
content of the urine. In fact the cysteine hydrochloride gave a 
greater increase of extra cystine than did methionine or glycyl- 
methionine. However, the ingestion of three non-sulfur-contain- 
ing amino acids, alanine, glycine, and glutamic acid, also pro- 
duced an increase in cystine excretion. The action of the alanine 
upon two separate occasions was much more marked than that of 
either glycine or glutamic acid and approximated the stimulatory 
power of methionine. The ingestion of the glycine and the glu- 
tamic acid, in the same amounts as the alanine, produced slightly 
less than half as much extra cystine. As has been found re- 
peatedly, cystine ingested was rather completely oxidized and 
yielded no extra urinary cystine. 

In the urine of the normal subject, W. H., the cystine excretion 
was within the normal limits following the ingestion of glycine, 
alanine, glutamic acid, /-methionine, cysteine hydrochloride, or 
cystine. However, the feeding of alanine, upon separate oc- 
casions, stimulated to a small degree the excretion of total sulfur 
as inorganic sulfate sulfur. In the normal subject the sulfur of 
the sulfur-containing amino acids was excreted mostly as inorganic 
sulfate sulfur. Following the ingestion of 2.0 gm. of methionine 
no evidence was found for the excretion of a disulfide compound 
other than the cystine normally present in small amounts. 

In the case in which methionine increased cystine excretion, 
alanine did also and so did glycine and glutamic acid but to a lesser 
degree. In the normal individual, while the ingestion of the 
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amino acids led in no case to an increased excretion of cystine, 
alanine did bring about a slightly increased sulfur output. In 
the amino acid feeding the extra cystine excretion, when present, 
may be due in a large measure to a stimulation of metabolism. 


15. 


16. 
17. 
18. 
19. 
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FAT METABOLISM AFTER LIVER INJURY* 


FATTY ACID UTILIZATION BY RATS TREATED WITH CARBON 
TETRACHLORIDE ON DIETS WHICH WERE FAT-FREE 
OR CONTAINED FATS WITH HIGH OR LOW 
IODINE NUMBERS 


By IRWIN C. WINTER 


(From the Department of Pharmacology, University of Oklahoma School of 
Medicine, Oklahoma City) 


(Received for publication, August 11, 1941) 


It has been reported (1) that carbon tetrachloride-treated albino 
rats show a decreased loss, an increased excretion, and an increased 
amount of body fatty acids when compared to normal controls. 
These results were interpreted as evidence that liver damage 
decreases fatty acid utilization. Utilization is taken to mean the 
oxidation of exogenous or endogenous fatty acids or their trans- 
formation to other substances; 7.e., that they disappear as such 
and cannot be accounted for in balance experiments. While the 
data in previous experiments were considered to indicate de- 
creased fatty acid utilization in carbon tetrachloride-poisoned 
rats, an increased synthesis of fatty acids with no decrease in 
oxidation would account for the larger amount of fat recovered. 
To test the hypothesis that decreased utilization is the correct 
explanation, the effect of varying the level of fat intake was 
studied in balance experiments by using a fat-free diet. Similar 
balance experiments were conducted with a diet containing a highly 
unsaturated fat (cod liver oil). This was done to investigate the 
suggestion made earlier (1) that the observed decrease in fatty 
acid loss is due to the interference with desaturation mechanisms 
shown to follow liver damage (2). 


* Supported by a grant from the Legislature for research in the Uni- 
versity of Oklahoma School of Medicine. 
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Procedure 


nl 


Three groups of thirty-six male albino rats' were used. Each 
of these groups was subdivided into three divisions of twelve 
animals each, one of which was used to determine the fatty acid 
content of the animals at the start of the experimental period 
and which was sacrificed at the time the other two were placed 
on the diet to be studied. Of these latter two divisions, one 
served as a normal control, while the members of the other received 
0.05 cc. of carbon tetrachloride subcutaneously every other day 


TABLE I 
Composition of Fat-Free Ration 


I a wea wal bab amn beens Ot Be Rete adieretes awws 12.0 kilos 


Casein, fat-free*.. = 
Salt mixture (4)....... HRs. a. 0.8 kilo 
Pinch i detente cndeiebid evacain re . §.0% 
EE FE cere ee eros rs Seen v Ewes Ltehin hee con eae 
6s ks hin tind eg 2 ee bats ane 21.8% 
FeCl, -6H,O............. 5 ais . 2.4% 
SR cnekigedder scsi sept saws : . 75 gm. 
PE raters eed ine cvbbdetyeaweee’ cc.” 
IL, FO PAs AG. Velde code h ees Mews db'ecdledwtls ;> ee + 
Thiamine chloridet........ ial ieutnds pen tedess 3 eo 
EE PS ey ee es 6 6h 
Pyridoxine hydrochloridef. . a aa —_— 
Riboflavinft.......... Sera trish aes Airy CE ale . —_— 


* Labco vitamin-free casein, Casein Company of America, Inc., New 
York. Ether-soluble material, 0.84 per cent. 

t Generously supplied by the Abbott Laboratories, North Chicago. 

t Generously supplied by Merck and Company, Inc., Rahway. 


during the period of observation. In order to insure the com- 
parability of the results, the use of litter mates was adopted. That 
is, each group of thirty-six animals consisted of twelve sets of 
litter mates, one litter mate from each set being placed in each 
division. 

The amount of food eaten daily by the treated animals was 
measured. A paired feeding technique was followed, the food 
intake of each normal rat being restricted to that of its treated 


180 to 100 gm., Sprague-Dawley, Inc., Madison. 
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litter mate. The experimental period was 2 weeks for each group. 

The three diets used were developed from the fat-free ration of 
Quackenbush et al. (3) (Table I). 

Group I was given a diet made by incorporating 7 per cent ethyl 
stearate into one-third of the fat-free ration (TableI). The results 
with this group were used to confirm the earlier observations, which 
were not made on litter mates fed the synthetic diet. Group II 
was given the fat-free diet alone, while Group III received the 
fat-free diet plus 7 per cent cod liver oil. The actual fatty acid 
content of the three diets is as follows: Group I, stearate, 8.61 
per cent; Group II, fat-free, 0.27 per cent; Group III, cod liver 
oil, 6.42 per cent. 


Methods 


The methods of analysis used have been described earlier (1). 
The animals were kept in individual glass cages and at the end of 
the experimental period were killed. After uneaten food had 
been removed and weighed, the fatty acids of the body of the 
animal, feces, and spilled food were dissolved in boiling alcoholic 
potassium hydroxide, filtered through glass wool, and made to 
volume (1000 cc.) with alcohol. Aliquots were dealcoholized 
under a vacuum, acidified, and extracted overnight with petroleum 
ether in continuous liquid-liquid extractors. The petroleum ether 
solution was evaporated to a volume of 10 to 20 cc., washed 
through filter paper with petroleum ether into tared weighing 
flasks, and weighed after all solvent had been removed in vacuo. 
Because of the difficulty in obtaining digitonin the amount of 
fatty acids present in the extract was not determined by sub- 
tracting the weight of sterol present, as was done in the earlier 
work. Instead the weighed fatty material was dissolved in al- 
cohol and titrated hot with 0.1 N sodium hydroxide, with phenol- 
phthalein as an indicator. The fatty acids found were calculated 
by multiplying the cc. of alkali used by an arbitrary factor, 
0.273, derived from the molecular weights of stearic, palmitic, 
and oleic acids. The results obtained by this method compared 
favorably with those found by precipitating sterol as digitonide 
and calculating the fatty acids by difference, when “fatty acid” 
values alone were considered. The values for the smaller sterol 
component of the extract were not considered to be as accurate 
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when the titration method was used, and hence are not included 
in this report. 

All analyses were made in duplicate and were repeated when 
varying more than 5 per cent from the average of the two. The 
average of the two duplicates was used in the calculations. The 
standard deviation of 89 random duplicate determinations is 
0.02 gm., which is less than 5 per cent of the usual amount of 
fatty acid in an aliquot. 


Taste II 
Fatty Acid Utilization during 2 Week Period 


The results are average values obtained by the paired feeding, litter mate 
technique on normal and carbon tetrachloride-treated rats. 











Treated | 2.44 | 0.19 | 2.00 0.6340.12! 0.73 
Normal | 3.10 | 4.73 | 3.28 | 4.544 0.00 
Treated | 3.17 | 4.95 | 4.25 /3. 87 + +0. 16 3.7 


Cod liver oil 


| Fatty acids 
Diet | =" Ee -| # 
| Body, | Food | Found, Utilized 
oe gm, gm. gm. gm. 
Stearate 4 Normal 2.90 | 6.10 4.79 4.21+ 0.11 
Treated 2.85 5.65 5.52 (2.9824 0.10, 8.2 
Fat-free | Normal 2.53 0.19 1.99 0.74 + 0.09 | 
ail 








m, — ™ 
———, where m; and m; equal the gm. of fatty acid util- 


V/ SE} + SE?’ 
ized by the normal and treated animals, respectively, and SE; and SE; are 
the standard errors of m, and mz. 


*t 


The fatty acid balance was determined as before by subtracting 
the fatty acids found at the end of the feeding period from the 
sum of the food fatty acids and the fatty acids present in the 
bodies of the experimental animals when placed on the diets. 
The latter value was obtained by using the average per cent of 
fatty acid found in the litter mates sacrificed at the start of the 
experimental period. The standard errors of the average cal- 
culated fatty acid losses for each group and the ¢ values for the 
difference between the fatty acid loss of the normal and treated 
animals of each group were calculated by the usual means. 
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Results 


The average fatty acid loss of the normal and treated animals of 
the three groups is given in Table II. It will be seen that the 
earlier observations were confirmed when the more exacting 
procedures used in this study were followed. The difference 
between the fatty acid losses of the two divisions placed on the 
diet with a low iodine number (stearate) is striking (1.23 gm.), 
the ¢ value for this group being 8.2. When cod liver oil instead of 
ethyl stearate was incorporated into the diet, this difference 
between normal and treated animals was much reduced (0.64 gm.), 
although still significant (¢, 3.7). In these two groups, with 
approximately equal fatty acid intake, the average fat loss of the 
normals compared favorably (4.21 + 0.11 gm.; 4.54 + 0.09 gm.), 
being higher in the cod liver oil-fed animals. On the fat-free 
diet the average fat loss was reduced below that of the other 
groups, being 0.74 + 0.09 gm. for the normal animals. There 
was no significant difference between the average fatty acid loss 
of the normal and treated animals of this group (t, 0.73). 


DISCUSSION 


The fact that both sets of animals receiving an essentially fat- 
free diet showed a much reduced fatty acid loss as compared to 
either normal or treated animals on a higher fatty acid intake 
shows that fatty acid synthesis was obviously not marked in 
any of the animals, nor was such synthesis increased by carbon 
tetrachloride treatment. Indeed, data obtained on long continued 
observations of the dog with Eck fistula have been explained on 
the basis of decreased liponeogenesis as a result of decreased liver 
function (5). On the fat-free diet utilization must have been set 
at a lower level than on the higher fatty acid diets. It is apparent 
then that carbon tetrachloride poisoning introduces a quantitative 
decrease in fatty acid utilization. The liver of treated animals 
can act upon minimal amounts of fatty acids as well as that of the 
normal, but is unable to keep up with larger quantities. This 
lag could well be the cause of the fatty livers seen in carbon 
tetrachloride poisoning or similar conditions, as has been sug- 
gested by Frazer (6). 

While a significant difference between the fatty acid utilization 
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of the normal and treated animals receiving the cod liver oil diet 
was observed, this difference was very much less than that found 
when the stearate diet was used. The difference in fatty acid 
utilization of the treated animals on these two diets was greater 
than that between treated and normal animals on the cod liver 
oil diet (0.89 and 0.67 gm., respectively). The fatty acid utiliza- 
tion, over the 2 week period, of the normal animals of both groups 
and the treated animals of the cod liver oil group are roughly 
equivalent (4.54, 4.21, and 3.87 gm.), while that of the treated 
animals receiving the saturated fat was of a definitely lower order 
(2.98 gm.). The larger amount of fatty acids in the bodies of the 
animals fed cod liver oil at the start of the period and their greater 
fat intake (as compared to the animals fed stearate) may have 
played a part in the increased utilization found for both normal 
and treated animals of this group. Since the normal rats receiv- 
ing the cod liver oil diet showed an increase in fatty acid utiliza- 
tion of 8 per cent, while that of the treated rats on this diet in- 
creased 30 per cent over comparable animals ingesting the stearate 
ration, such an influence must not have been an important factor 
in producing the differences noted in the fatty acid utilization of 
the treated animals of these two groups. It seems apparent that 
the fatty acids of cod liver oil are either more readily converted 
by the liver into types suitable for utilization by other tissues, or 
do not require a preliminary transformation in the liver. It is 
believed that the high degree of unsaturation possessed by the 
average fatty acid found in cod liver oil is responsible, since the 
stearate diet was in all other respects complete. It should be 
noted here that the essential fatty acid, linoleic acid, was present 
in adequate amounts in the stearate diet; therefore the presence 
in abundance of other unsaturated acids in the cod liver oil must 
have been the determining factor. This concept is supported by 
considering the per cent reduction in fatty acid utilization brought 
about by carbon tetrachloride treatment in this and earlier work 
(1). In the previous report it was shown that liver damage re- 
duced fatty acid utilization to 86 per cent of the normal value when 
the diet contained a preponderance of saturated fatty acids (coco- 
nut oil) but also a relative abundance of unsaturated acids (basal 
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diet, Purina dog chow). In the present report it is seen that 
where abundant unsaturated fatty acids are available (cod liver 
oil diet), and therefore similar conditions to those described above 
exist, the utilization is again reduced to 86 per cent of the normal. 
When, however, the unsaturated fatty acid content of the diet 
is limited to essential quantities of linoleic acid, the fatty acid 
utilization is reduced over twice as much; in this case to 70 per 
cent of the normal value. 

Since the unsaturated fatty acid pattern found in cod liver oil 
cannot be expected to fit exactly that demanded by the tissues 
of the rat, the residual difference between the fatty acid utiliza- 
tion of the normal and treated rats of the cod liver oil group is not 
unexpected. It is of course possible, if not probable, that other 
rearrangements than desaturation of the fatty acid molecule per- 
formed by the liver may play a part in the decreased utilization 
following liver injury. 


SUMMARY 


|. Fatty acid balance experiments were conducted on three 
groups of male rats treated with carbon tetrachloride and litter 
mate normal controls. Three similar synthetic diets were used, 
one containing 7 per cent stearic acid, another 7 per cent cod 
liver oil fatty acids, and the third fat-free. 

2. The fatty acid loss, or utilization, of the animals receiving 
the fat-free diet was a small fraction of that of the animals in- 
gesting larger quantities of fat. There was no significant differ- 
ence in fatty acid utilization between the normal and treated 
members of the fat-free group. 

3. The fatty acid utilization of the carbon tetrachloride-treated 
animals receiving the stearate diet was much reduced below that 
of their normal litter mate controls. When cod liver oil re- 
placed stearic acid in the diet, the difference between normal 
and treated animals was definitely decreased. 

4. It is concluded that carbon tetrachloride poisoning does not 
increase fatty acid synthesis, and that the lack of abundant quan- 
tities of non-essential unsaturated fatty acids is a prime factor in 
the decreased utilization of fatty acids shown to follow liver damage. 
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TRANSFORMATIONS OF PHOSPHORUS DURING GLU- 
COSE FERMENTATION BY LIVING CELLS 
OF STREPTOCOCCUS FAECALIS 
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(From the Department of Agricultural Bacteriology, University of Wisconsin, 
Madison) 


(Received for publication, September 27, 1941) 


Considerable evidence exists for a phosphorylating glycolysis 
by preparations of bacteria (1-3), but little evidence is available 
on the intact living cell. Wiggert and Werkman (4) have shown 
the esterification of the cell inorganic phosphorus during glucose 
fermentation by Aerobacter indologenes and Macfarlane (5) has 
shown small uptakes of cell phosphate during glucose fermentation 
by Bacterium coli. In neither case was there an exchange of 
phosphorus between the cell and the suspending medium. Vir- 
tanen and Tikka (1) demonstrated the formation of hexose 
monophosphate and an unknown phosphate ester by dried cells 
of Bacterium casei «, but were unable to show such a reaction in 
the living cells. Evidence is presented to show that during glucose 
fermentation by resting cells of Streptococcus faecalis inorganic 
phosphorus from within the cell and from the surrounding medium 
is converted into organic phosphorus compounds. 


EXPERIMENTAL 


Strain 1LOC-1 of Streptococcus faecalis from the Cornell Uni- 
versity collection was used. This strain converts 98 per cent of 
the glucose fermented into lactic acid. 10 liters of 1 per cent 
tryptone, 1 per cent yeast extract, 0.8 per cent K,HPO,, and 0.2 
per cent glucose were inoculated with 200 ml. of an 8 hour culture 
of the organism. After 15 hours incubation at 37°, the cells were 
harvested with a Sharples centrifuge, washed once with 0.9 per 
cent NaCl, and resuspended in 0.9 per cent NaCl, so that 10 ml. 
contained 1 gm. of the wet cells. Glucose, saline, or phosphate 
was added as indicated, and a little brom-thymol blue. The lactic 
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acid produced was titrated as formed with n NaOH. At indi- 
sated intervals samples were removed, centrifuged, and both the 
supernatant and the cells analyzed as indicated below. 

1 gm. of the cells was immediately treated with 1 ml. of acetone 
(to aid in their disruption) and extracted with 25 ml. of 5 per cent 
trichloroacetic acid for 20 hours at room temperature. The cell 
débris was centrifuged off and the supernatant fluid fractionated 
with barium according to the method of Eggleton and Eggleton 
(6). The fractions were analyzed for inorganic phosphorus by 
the method of Fiske and Subbarow (7). Total phosphorus was 
determined as inorganic phosphorus after digestion with H»SO, 
and H,O.. The barium-insoluble fraction was analyzed for hexose 
diphosphate by Roe’s modification of the Seliwanoff method (8), 
for readily hydrolyzable organic phosphorus by heating at 100° 
for 7 minutes in N H.SO, (presumably a measure of adenosine 
triphosphate), and for difficultly hydrolyzable organic phosphorus 
(not hydrolyzed within 180 minutes at 100° in N H.SO,, presum- 
ably the phosphoglyceric acids). The barium-soluble fraction 
was precipitated with alcohol according to the method of Cori 
and Cori (9). Organic phosphorus and the reduction value were 
determined on this precipitate (10). 

Previous studies on the phosphorus transformations during 
glucose fermentation by intact bacterial cells have been concerned 
only with the acid-extractable portion. We have frequently 
found more inorganic phosphate utilized during glucose fermenta- 
tion than could be accounted for by the organic phosphorus ob- 
tained in the extracts. We have therefore attempted to account 
for all of the phosphorus in the cell and the surrounding medium 
in the following manner. The first 20 hour extract was prepared 
and fractionated as described above. The cell débris was ex- 
tracted for another 20 hour period under the same conditions. 
This extract yielded organic phosphorus which was all barium- 
soluble. A third extraction under the same conditions yielded no 
phosphorus. The phosphorus remaining in the cells after the 
third extraction may be regarded as acid-insoluble. 


Results 


Two types of experiments are described: one in which no phos- 
phorus is added to the suspending medium and another in which 
adequate inorganic phosphorus is available. 
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Without Added Phosphorus—The data of such an experiment 
are given in Table I. The organisms were suspended in 0.9 per 
cent NaCl and divided into two portions. To one glucose was 
added to give a final concentration of 2 per cent, while the other 
received an equivalent quantity of water. Data on the phos- 
phorus changes in the saline and in the trichloroacetic acid ex- 
tract are recorded. Initially there is a small amount of inorganic 


TABLE I 


Phosphorus Changes during Glucose Fermentation by Streptococcus faecalis in 
Absence of Added Phosphorus 


All data in Columns 2 through 9 are expressed as micrograms of phos- 
phorus per gm. (wet weight) of bacterial cells. Column 1 represents the 
ml. of normal alkali required to neutralize the acid produced by 1 gm. of 
cells. Glucose fermentation was complete in 3 hours and thereafter no 
alkali was required. The data in Column 10 are expressed as per cent of 
Column 5 and are obtained from the sum of Columns 6 through 9. 























| | 
| | P in saline eat cai Composition of organic P 
| acid extract 
| Acid | ——————_|__—_ — 
| pre, | | Barium-insoluble | par. a3 
Inor- | Or- | Inor-| Or- | y Asse | Renist- — 22s 
| ganic | ganic | ganic | ganic | A; —"A: | ant | uble |= °™ 
(1) | (2) (3) | (4) (5) | (6) | (7) (8) (9) (10) 
Start............| | 86{ 12| 680} 9481 5| 5/308] Sool 97 
With 2% glucose 
after | 
30 min. | 0.5} ©) 92/ 182} 1280) 110! 15 | 190 | 1005) 101 
60 “ .........) 1.1} ©] 142 | 207 | 1342) 107 | 3 | 207 | 1005] 99 
9 hrs... _.| 1.6 | 68 | 192} 610} 650! 57| 50| 90} 608) 124 
Without glucose | 
30 min. 1 | 68| 24 | 600 5 | 100 | 210} 520) 92 
60 10.1 | 741 68 | ena | 858 iy 515 
9 hrs...........| 0.1 | 181 | 101 | 618 | ss 5| 55| 60} 212| 100 








phosphate in the saline in which the cells are suspended. Without 
sugar both the inorganic and the organic phosphorus increase in 
the medium, while there is a decrease in the organic phosphorus of 
the cells. The difficultly hydrolyzable phosphorus (Column 7) 
tends to increase but there is little change evident in the other 
fractions studied. With glucose, however, inorganic phosphorus 
is removed from the saline (Column 2). Within the cell, inorganic 
phosphorus (Column 4) is converted into organic forms (Column 
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5) and appears principally as barium-soluble alcohol-insoluble 
material (Column 9). This material is not hexose monophosphate, 
since the reducing value by Folin’s method is only 10 per cent that 
of glucose. The readily hydrolyzable organic phosphorus (Column 


TABLE II 


Phosphorus Changes during Glucose Fermentation by Streptococcus faecalis in 
Presence of Adequate Phosphorus 


Column 1 represents ml. of normal alkali required to neutralize the acid 
produced by 1 gm. of bacterial cells. Data in Columns 2 through 10 are 
expressed as micrograms of phosphorus per gm. of cells. Glucose fer- 
mentation was complete at 150 minutes and thereafter no acid was produced. 
The data in Column 11 are the sum of Columns 2 through 10 with the omis- 
sion of Column 5 and thus include the errors occurring in the phosphorus 
distribution. Data in Column 12 are obtained from Column 11 and repre- 
sent the per cent of the starting value. 


| Acid-soluble P | 
| P insaline | 
| | 
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30 min. 0.1 1250, s70l1300 1640 85) 575 127033501420 9,710 99 
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6) increases, while the resistant phosphorus (Column 8) decreases. 
No hexose diphosphate could be detected by the Seliwanoff re- 
action. It is further apparent from the data that more inorganic 
phosphate has disappeared from the cell and the saline than can 
be accounted for by the organic phosphorus extracted. 

With Added Phosphorus—Data from an experiment in which 
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1000 y of inorganic phosphorus were added per gm. of bacterial 
cells are given in Table II. Attempts were made to account for all 
of the phosphorus involved by the methods previously described. 
It may be noted that, in general, the recoveries of phosphorus were 
satisfactory (Columns 11 and 12). In the absence of glucose there 
is little change in any of the fractions over the entire 13 hour 
period. With glucose, however, marked changes are evident. 
There is a decrease in the inorganic phosphorus in the saline 
(Column 2) and in the cell (Column 4) and a parallel increase in 
organic phosphorus (Column 5), which appears primarily in the 
barium-soluble alcohol-insoluble fraction (Column 8). The bar- 
ium-insoluble material tends to increase somewhat more slowly 
than the barium-soluble fraction but an increase is evident (Col- 
umn 7). The readily hydrolyzable phosphorus (Column 6) 
increases as well. In the presence of adequate quantities of in- 
organic phosphate, the level of organic phosphorus within the cell 
is increased above that which is evident without added phos- 
phorus. As was indicated by the experiment in Table I, there 
seems to be a conversion of some of the inorganic phosphorus into 
acid-insoluble forms (Column 10) during the early stages of 
glucose fermentation. 


DISCUSSION 


The data presented in this paper may be interpreted in ac- 
cordance with the phosphorylating glycolysis concept of inter- 
mediary metabolism, since there is an initial conversion of inorganic 
phosphorus into compounds resembling the hexose monophos- 
phates and an increase in the adenosine triphosphate fraction 
during glucose fermentation. Although the compounds formed 
are not identical with those formed by yeast and animal tissues, 
the over-all changes in phosphorus agree with the theories of 
phosphorylating glycolysis: A further difference from yeast 
(5, 11) is that a phosphorus exchange occurs between the cell and 
the surrounding medium. 


SUMMARY 


At the beginning of glucose fermentation by resting cells of 
Streptococcus faecalis there is a marked decrease in inorganic 
phosphorus both in the cell and in the medium. The phosphorus 
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appears chiefly in the barium-soluble alcohol-insoluble fraction 
which has not yet been completely characterized. The changes 


in 


living cell are in accordance with the theories of phosphorylating 
glycolysis. 
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It is now generally accepted that carbon dioxide is not the 
inert molecule in the physiology of the heterotrophic cell it was 
formerly thought to be, but plays an important réle as a reactant 
in the metabolism of a variety of organisms (cf. Slade eé al. (21), 
Werkman and Wood (26), Foster et al. (8), Krebs (14)). 

Considerable evidence is now available (28, 29)! in the case of 
a number of bacteria that the initial reaction in fixation of carbon 
dioxide may be 


(1) CO, + CH;-CO-COOH = COOH-CH,-CO-COOH 


The resulting oxalacetate is converted to other 4-carbon 
dicarboxylic acids. The question arises as to whether or not 
animal tissues fix carbon dioxide by this reaction. Attention was 
focused on this problem, particularly by Evans (4), who found 
that pyruvate is oxidized by pigeon liver even in the presence of 
malonate and is converted to 4-carbon dicarboxylic acids, a- 
ketoglutaric acid, and carbon dioxide. The only malonate-in- 
sensitive reaction that had been described in the literature for 
the synthesis of 4-carbon dicarboxylic acids from pyruvate was 
the Wood and Werkman reaction (27, 28) studied in connection 
with carbon dioxide fixation by the propionic acid bacteria. It 
was therefore evident that this reaction might occur in the dis- 
similation of pyruvate by pigeon liver, and be the source of 4- 


* Journal Paper No. J-916 of the Iowa Agricultural Experiment Station, 
Project 572. 
1 Krampitz, L. O., Wood, H. G., and Werkman, C. H., unpublished data. 
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carbon dicarboxylic acids essential in the Krebs cycle. Evans 
and Slotin (6), Krebs and Eggleston (16), and Wood et al. (30) 
independently investigated the problem and each has presented 
some evidence favoring the suggestion that carbon dioxide is 
fixed by pigeon liver as pictured in Equation 1. The present 
investigation has been designed to examine this question in greater 


detail. 


EXPERIMENTAL 


The procedure consisted in dissimilating pyruvate by ground 
pigeon liver in a medium containing NaHCO, enriched with C™ 
(essentially the procedure of Evans and Slotin (6) and Krebs 
and Eggleston (16)). The products were fractionated, converted 
to carbon dioxide, and the C" content determined with the mass 
spectrometer (17). A compound contains fixed carbon dioxide 
when the content of C" is greater than the norma! complement 
of C®; 7.e., 1.09 per cent. Previous papers of the authors (28, 29) 
should be consulted for a more detailed account of the methods 
and calculations. 

The distribution of fixed carbon within the products of the 
aerobic dissimilation of pyruvate with malonate as an inhibitor 
was studied first. The reaction mixture contained 24 gm. of 
liver which had been removed from pigeons immediately after 
decapitation and ground through an Apolant mincer into 166 
ml. of ice-cold salt solution plus 15 ml. of 0.35 mM NaHCO, contain- 
ing 9.61 per cent C". The salt solution contained 9.0 gm. of 
NaCl, 0.46 gm. of KCl, 0.188 gm. of MgSO,, 7.34 gm. of 
NasHPO,-12H,0, and 0.62 gm. of NaH,PO,-H2O per 1250 ml. 
The liver mixture was distributed into eight 150 ml. flasks each 
containing 4 ml. of 0.188 m pyruvate in the side arms. 0.7 ml. 
of 0.094 m malonate was added to the liver suspension just before 
the air in the flasks was replaced by a mixture of 5 per cent carbon 
dioxide and 95 per cent oxygen. The pyruvate was then tipped 
in from the side cup, and the mixture was shaken in a water bath 
for 40 minutes at 40°. 

The products (acetoacetate, a-ketoglutarate, citrate, malate, 
fumarate, and lactate (4, 16)) were fractionated as follows: 

The combined reaction mixture (240 ml.) was cooled in an ice 
bath, and 50 ml. of ice-cold 2.0 per cent sodium bisulfite were 
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added to fix the keto acids. After 5 minutes the whole was de- 
proteinized with 80 ml. of 15 per cent metaphosphoric acid. The 
bisulfite was added first and then the metaphosphoric acid, since 
an initial neutral pH is favorable for the formation of the bisulfite 
complex (3). To each 100 ml. of centrifuged solution, 60 gm. 
of MgSO,-7H:O were added, and the mixture was extracted 
continuously for 3 days with ether. A small amount of fresh 
bisulfite was added each day to replace loss of sulfur dioxide. 
The ether extract contained citric, malic, fumaric, succinic, and 
lactic acids; the bisulfite solutions contained the keto acids. The 
bisulfite solution was freed from sulfite by boiling the acid solution; 
then the keto acids were recovered by continuous extraction with 
ether for 24 hours. The a-ketoglutarate was separated from 
other keto acids by precipitation as the silver salt,? and the free 
acid was again obtained by ether extraction of a solution of the 
salt in dilute sulfuric acid. The a-ketoglutaric acid was oxidized 
with permanganate to carbon dioxide and succinic acid. The 
succinic acid was isolated as the silver salt after ether extraction. 
This acid and the carbon dioxide were analyzed for C¥%. The 
carbon dioxide originates from the carboxyl group next to the 
carbonyl group, and the succinic acid from the remaining 4- 
carbon residue. 

A partial separation of the citric, malic, fumaric, succinic, and 
lactic acids was accomplished by precipitation of the first four 
acids as the silver salts. The soluble silver lactate remains in the 
filtrate. The filtrate was treated with dilute hydrochloric acid 
to remove the silver ions and the solution was oxidized with per- 
manganate (9, 29). The carboxyl carbon atom of lactate is 
converted to carbon dioxide and the a- and 8-carbon atoms to 
acetaldehyde in this oxidation. These fractions were then 
analyzed for C™. 

The mixture of silver salts of citrate, malate, fumarate, and 
succinate was oxidized with permanganate. Succinate is stable, 


2 Silver salts were precipitated by addition of 5 ml. of 10 per cent silver 
nitrate to 25 ml. of the dicarboxylic acid solution and adjustment of the 
pH with NH,OH (0.5 n) to a purple color to bromocresol purple. If the 
dicarboxylic acid solution is neutralized with NaOH solution and then the 
AgNO; solution is added, the precipitation is not quantitative, particularly 
of malate. 
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whereas the citrate, malate, and fumarate are broken down with 
conversion of the carboxyl groups to carbon dioxide. This car- 
bon dioxide was analyzed for C™ to determine the fixed carbon 
in the carboxyl groups of these acids. In addition, the aldehyde 
formed during the oxidation was collected in bisulfite and analyzed 
for C8. The a- and §-carbon atoms of malate are converted to 
acetaldehyde, whereas fumarate and citrate yield little or no 
acetaldehyde in this oxidation. In the case of citrate and fuma- 
rate, no attempt was made to determine the C" in positions other 
than in carboxyl groups. 

The succinic acid was recovered from the residue of the above 
oxidation by extraction with ether and precipitation as the silver 
salt. The entire molecule was oxidized to CO, and C™ determined. 

No attempt was made to determine accurately the yields of 
products. Judging from the titration of the free acids, weight 
of the silver salts, and determination of citric acid by the method 
of Pucher et al. (18), the amounts when calculated on the basis of 
the whole dissimilation were as follows: a-ketoglutarate 0.57, 
succinate 0.42, fumarate and malate 0.77, citrate 0.046, and lactate 
1.72 mM. 

If one assumes (cf. ‘‘Discussion”’) that 2 molecules of pyruvate 
are used in the formation of each molecule of a-ketoglutarate, 
succinate, and citrate and one each for the fumarate, malate, and 
lactate, then approximately 80 per cent of the 5.6 mm of pyruvate 
utilized is accounted for. Evans (4) and others have not re- 
ported the formation of lactate in aerobic experiments in which 
malonate was an inhibitor. It seems probable that in our experi- 
ments there may have been accompanying dissimilation of 
pyruvate with formation of acetic acid which was not determined 
in these experiments. 

The results of the mass spectrometric determination of the 
C® in the respective isolated fractions are shown in Table I. 
The significance of these results will be considered later together 
with those of the following anaerobic experiment. 

Fresh pigeon liver (25 gm.) was ground into 175 ml. of ice- 
cold salt solution and 20 ml. of distilled water in a 500 ml. Erlen- 
meyer flask. Anaerobiosis was assured by use of nitrogen gas. 
The mixture was warmed in a water bath to 40° and then 15 ml. 
of 0.35 m NaHCO; containing 9.61 per cent C™ and 15 ml. of 
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0.35 M pyruvate were added to give a final concentration of 
approximately 0.02 M pyruvate. The flask was attached through 
a mercury trap to a bead tower containing 10 ml. of 3 N alkali, 
and was shaken for 60 minutes at 40°. 100 ml. of 10 per cent 
metaphosphoric acid were then added, and the liberated carbon 
dioxide was removed by carbon dioxide-free nitrogen and collected 
in the alkali. 

After centrifugation 285 ml. of solution were obtained from the 
365 ml. of deproteinized suspension. 5 ml. were used to deter- 
mine the residual pyruvic acid; the remaining 280 ml. portion 
was fractionated as follows: 

The malic acid was separated from other acids by utilizing 
its slow extraction by ether. Succinic, fumaric, lactic, a-keto- 
glutaric, and pyruvic acids are completely extracted in 20 hours, 
whereas only 60 per cent of the malic acid is removed. Citric 
acid was not formed in significant amounts in this fermentation. 
The malic acid (40 per cent) remaining in the residual solution 
after 20 hours extraction was recovered by extraction with a 
second portion of ether for 4 days. The 20 hour ether extract 
was taken up in water and extracted again with ether for 20 
hours. Approximately 24 per cent of the original malic acid 
remained in the residual water solution and 36 per cent was now 
in the extract. The residual solution was combined with the 
4 day extract, and the 20 hour extract was taken up in water 
again and reextracted for 20 hours. This process was repeated 
five times and at the conclusion only 8 per cent of the malic acid 
remained in the extract. 

The separated malic acid was further purified by precipitation 
as the silver salt. The free acid was recovered from the salt 
by ether extraction and was oxidized by permanganate to carbon 
dioxide and acetaldehyde for determination of the C™ in the 
carboxyl group and a- and f-carbon atoms respectively. That 
the acid oxidized was in reality largely malic acid is indicated 
by the recovery of approximately 2 molecules of carbon dioxide 
(0.14 ma) for each molecule of acetaldehyde (0.06 mm). The 
recovery of acetaldehyde from known malic acid was likewise 
about 80 per cent of the theoretical. 

The succinic, fumaric, and lactic acids were separated from the 
keto acids by extraction from sulfite solution. Apparently 
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there was little or no a-ketoglutaric acid formed in the fermenta- 
tion, for no insoluble silver salt was obtained from the keto acid 
fraction. Succinic and fumaric acids were separated from the 
lactic acid by precipitation as the silver salt. The carboxyl 
carbon atom and a- and #-carbon atoms of the lactate were ob- 
tained by oxidation of the filtrate with permanganate. An 
approximate equivalent yield of aldehyde (0.96 mm) and carbon 
dioxide (1.12 mm) was obtained; this indicates there was no 
significant contamination with oxidation products from other 
compounds. 

The mixture of fumaric and succinic acids, obtained from the 
silver salt by extraction, was oxidized with permanganate. Car- 
bon dioxide formed in the oxidation is considered to be carboxy! 
carbon from fumarie acid. Substantially no acetaldehyde was 
formed during the oxidation, which proves that the separation 
from malic acid was practically quantitative. 

Succinic acid in the residue of the above permanganate oxida- 
tion was extracted with ether and then converted to a mixture of 
fumaric and malic acids by a heart muscle preparation. The 
mixture was then oxidized with permanganate. The resulting 
carbon dioxide and acetaldehyde correspond to the carboxyl and 
a- and 8-carbon atoms of the succinic acid (cf. Wood et al. (29) 
for details of the methods). Calculation from the oxygen uptake 
by the heart muscle preparation showed that 0.19 mm of succinic 
acid was present; 0.36 mm of CO, and 0.11 mm of aldehyde were 
obtained in the permanganate oxidation. Since the proportions 
of malate and fumarate in the presence of fumarase are approxi- 
mately 3:1, the yields of carbon dioxide and aldehyde are about 
theoretical. 

Residual pyruvic acid was determined by the method of Straub 
(23). 53 per cent of the original pyruvate was fermented, and 
in the aliquot used for fractionation, 2.18 mm. Undoubtedly, 
most of the pyruvate unaccounted for was converted to acetic 


acid. 


DISCUSSION 


The data presented in Table I show that there are at least four 
primary facts that must be accounted for in the dissimilation 
of pyruvate by pigeon liver. 
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The fixation of carbon dioxide exclusively in the carboxyl groups 
of the 4-carbon dicarboxylic acids. This is clearly shown in Table I, 
for the a- and B-carbons of the 4-carbon dicarboxylic acids con- 
tained, within experimental error, the normal per cent of C™ 
(1.09 per cent), whereas the C" content of the carboxyl carbons 
varied from 2.11 to 1.78 per cent. The latter figures indicate 
there was a substantial fixation of the CO, in the carboxyl 
position. 


TABLE I 
Distribution of Fized Carbon in Products of Dissimilation of 
Pyruvate by Pigeon Liver 
See the text for experimental conditions and methods of separation and 
degradation of the products. 














Aerobic, malonate inhibitor cu | Anaerobic cu 
per | per 
cent | cent 


| 
a-Ketoglutarate | Succinate 
Carboxyl adjacent to carbonyl group | 2.17, Carboxyl carbons | 2.11 
Remaining 4 carbons of molecule 1.12 a- and §-carbons | 1.11 
Succinate | 1.17 Malate 
Citrate, malate, and fumarate | Carboxyl carbons | 1.78 
Carboxyl carbons | 1.90, a- and f-carbons | 1.08 
a- and 6-carbons of malate _ Fumarate 











Lactate Carboxyl carbons | 2.10 
Carboxyl carbon | 1.84) Lactate 
a- and 8-carbons | 1.12, Carboxyl carbon | 1.74 
| a@- and 8-carbons | 1.09 
13 
Per cent C¥ = —— I. x 100. 


moles C" + moles C™ 


The formation of a-ketoglutarate containing fixed carbon in only 
one of its two carboxyl groups. The carboxyl carbon adjacent 
to the carbonyl group contained 2.17 per cent C™ and the remain- 
ing 4 carbons of the molecule a normal concentration of C™. 

The aerobic formation in the presence of malonate of succinate 
containing little or no fixed carbon, accompanied by formation of 
other 4-carbon dicarboxylic acids containing fixed carbon. The 
succinate in the aerobic experiment of Table I contained 1.17 
per cent C™; in other similar experiments we have observed 
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succinate formation in which the C" content was actually normal 
and therefore contained no fixed carbon. 

The aerobic and anaerobic formation of lactate containing fixed 
carbon in the carboxyl carbon and none in the a- and 8-carbons. 
The carboxyl carbon contained 1.84 and 1.74 per cent C™ and 
the a- and 8-carbons 1.12 and 1.09 per cent. 

The accompanying scheme is supported by these facts. Forma- 
tion of heavy carbon lactate is not shown in the scheme but is 
considered in the text. 

With regard to the first point, the fixation reaction (Equation 1) 
is the only conversion thus far proposed in the literature that 
accounts for the formation from pyruvate by a malonate-insensi- 
tive reaction of 4-carbon dicarboxylic acids containing carbon of 
carbon dioxide exclusively in the carboxyl group. The condensa- 
tion reactions involving either 2 molecules of pyruvate (24), or 1 
of pyruvate and 1 of acetate (12), or 2 molecules of acetate (25), 
cannot account for the observations, even if one assumes an 
exchange of carbon dioxide with the carboxyl carbons to account 
for the presence of C™. This is apparent, for these reactions pass 
through succinate prior to malate and fumarate formation. It is 
evident that the malate and fumarate formed in the aerobic 
experiment of Table I did not pass through succinate, for the 
equilibrium between fumarate and succinate was blocked effec- 
tively, as shown by the marked difference in the C" concentration 
of the respective compounds. 

Prior to the present investigation the evidence for fixation of 
carbon dioxide by animal tissue according to Equation 1 was 
largely based on investigations with bacteria (27, 29). The 
statement of Krebs (14), “This [Evans and Slotin’s demonstra- 
tion of fixed carbon in a-ketoglutarate] completes the proof of 
the occurrence of reaction 9 [COOH.CO-CH; + CQ, = 
COOH.CO-CH:,COOH] in pigeon liver,’’ must be accepted with 
considerable reservation, particularly since the position of the 
fixed carbon in a-ketoglutarate was not known at this time. 
The evidence presented in this paper more nearly completes the 
proof, since the fixed carbon has been located directly in the 
4-carbon dicarboxylic acids and it is exclusively in the carboxyl 
group. It is to be emphasized, however, that even in the caseof 
bacteria, Equation 1 is only a preliminary representation of 3- 
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and l-carbon addition. It is probable that phosphorylated 
intermediates are involved and the reaction is more complex 
than pictured. Recent results by Krampitz et al.! obtained with 
bacteria provide direct evidence, however, that oxalacetate may 
be a component of the reaction. Although unable to accomplish 
a synthesis of oxalacetate from pyruvate and carbon dioxide, they 
demonstrated an exchange of CO, with the carboxyl adjacent 
to the methylene carbon of oxalacetate by use of a newly dis- 
covered enzyme, which decarboxylates this compound to pyruvic 
acid and carbon dioxide. This exchange reaction is essentially 3- 
and 1-carbon addition. These authors on the contrary could not 
demonstrate an exchange during enzymic decarboxylation of 
pyruvate or a-ketoglutarate. 

Of interest is the fact that Krebs and Eggleston (16) have 
presented evidence which they believe demonstrates the necessity 
of cocarboxylase for catalysis of the fixation reaction. Results 
of Krampitz and Werkman (11) may not support this idea. 
They found with the bacterial preparation that Mg** is essential 
but not cocarboxylase for decarboxylation of oxalacetate to 
pyruvate. 

Relative to the second point, 7.e. that the fixed carbon is in 
only one carboxyl of a-ketoglutarate, it should be pointed out 
that, although the accompanying scheme is adaptable to this fact, 
the evidence for the suggested reactions is largely drawn from 
analogy with Krebs’ results on pyruvate oxidation by pigeon 
breast muscle. It is fairly certain that a-ketoglutarate is formed 
by combination of a 4-carbon dicarboxylic acid and pyruvate 
in this dissimilation (15). The exact mechanism of the reac- 
tions involved in this conversion is not known, however. This 
fact is emphasized by Krebs’ erroneous prediction (14) that fixed 
carbon would be found in both carboxyls of a-ketoglutarate in 
the case of pigeon liver dissimilation. Actually the fixed 
carbon is confined to one carboxyl (30, 5) (Table I). This fact 
definitely precludes citrate as an intermediate, since a-keto- 
glutarate derived from the symmetrical citrate molecule should 
contain equal amounts of fixed carbon in its two carboxyl groups. 
The scheme probably represents roughly the carbon structure 
of the compounds involved in a-ketoglutarate synthesis, but not 
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the actual intermediates. It is quite likely that phosphorylation 
reactions play an important part in these conversions and that 
aconitic, isocitric, etc., acids do not occur as intermediates but 
phosphorylated derivatives. The fact holds, however, that 
assuming a synthesis of 4-carbon dicarboxylic acids by 3- and 
l-carbon addition and formation of a-ketoglutarate by union of 
this acid with pyruvate, the occurrence of fixed carbon in one 
carboxyl of a-ketoglutarate can be accounted for. No scheme 
other than the Krebs cycle has been proposed for a-ketoglutarate 
synthesis which accounts for this location of fixed carbon. 

The third point, that succinate formed aerobically in the 
presence of malonate contains little or no fixed carbon, is of con- 
siderable importance. In fact Krebs (13) refers to the oxidative 
formation of succinate from oxalacetate in the presence of malonate 
as the crucial experiment. The experiment is crucial, for it 
shows that there is an oxidative reaction leading from oxalacetate 
to succinate, provided one can assume that anaerobic formation 
of succinate by reduction of oxalacetate is inhibited effectively. 
Critics of the Krebs cycle (1, 13) contend this assumption is 
without adequate proof. The results in Table I show that in 
the case of pigeon liver the inhibition by malonate was effective 
and the succinate did not arise by anaerobic reduction over malate 
and fumarate; for if such had been the case the C™ concentration 
would be approximately the same in each compound as it was in 
the anaerobic experiment in which malonate was not added. It 
is clear therefore that there are two mechanisms for the formation 
of 4-carbon dicarboxylic acids. The one is quite probably by 3- 
and 1-carbon addition, is not inhibited by malonate, and the acids 
contain fixed carbon. The other is by an oxidative process and 
the succinic acid does not contain fixed carbon. This then 
removes one of the major criticisms of the proof of the Krebs 
cycle, at least as applied to liver dissimilation. Certain details 
of the Krebs cycle may be wrong, but there is good basis for assum- 
ing that the general framework is correct. 

The fourth point, fixation of carbon dioxide in the carboxyl 
of lactate, requires further study before its significance can be 
evaluated fully. It is probable that the carbon dioxide is fixed 
initially by 3- and 1-carbon addition and that pyruvic acid con- 
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taining heavy carbon is formed by the following dynamic equi- 
libria involving a shift of the hydroxy] of enol oxalacetic acid and 
a subsequent decarboxylation. 

(2) CO, + CH;-CO-COOH = C"OOH-CH:COH-COOH = 

C“O0OH-COH: CH-COOH = C#"OOH-CO-CH; + CO, 

The pyruvic acid thus formed is reduced to lactic acid. It is 
interesting in this connection that Slade et al. (21) have found 
that CO, is fixed in lactic acid formed by most of the bacteria 
tested. A few bacteria did not fix carbon in lactate, however. 
It is significant that in one fermentation the succinate contained 
fixed carbon but not the lactate. This fact may indicate the 
carbon is not fixed in lactate by the above equilibria (Equation 2), 
for if such was the case it would be expected that, whenever 
4-carbon dicarboxylic acids were formed containing heavy carbon, 
heavy carbon pyruvate and lactate would likewise occur. The 
possibility is left open that the heavy carbon lactate is not formed 
by the above equilibria but is perhaps formed by 2- and 1-carbon 
addition, though at present all evidence is to the contrary. 

Solomon ef al. (22) have found in the synthesis of glycogen from 
lactate that carbon dioxide is fixed in glycogen. The reverse of 
this reaction, glycolysis, may also involve fixation of carbon 
dioxide in lactate. Numerous investigators have indicated their 
belief in the occurrence of other mechanisms of glycolysis than 
that proposed by Meyerhof. Perhaps one mechanism may 
involve fixation of carbon dioxide, whereas the other is inde- 
pendent of fixation. 

The accompanying scheme indicates that carbon dioxide 
fixation is an essential part of the mechanism, and in the presence 
of malonate all fumarate and malate arise directly by fixation. 
Therefore, one (or perhaps both, if Equation 2 occurs) of the 
carboxyl groups of fumarate and of malate and also the carboxy] 
adjacent to the carbonyl in a-ketoglutarate should contain entirely 
fixed carbon. Theoretically it would be expected, then, that the 
C® content of the NaHCO; plus gaseous carbon dioxide would be 
approximately equivalent to that in the particular carboxyl 
carbon atoms under consideration. The C™ in the sodium 
bicarbonate plus gaseous CO, was not determined at the con- 
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clusion of the aerobic dissimilation but the calculated value is 
4.91.2 A number of factors may contribute to this discrepancy 
between the C® content of the carboxyl groups and that of the 
C0O,. First, the CO, formed within the cell from the substrate 
may not come to equilibrium with the C"O, outside of the cell, 
and therefore the CO, available to the cell for fixation has a 
lower content of C™. It is evident that the relative concentra- 
tion of C™ within the cell and in the medium outside of the cell 
will be dependent largely on the permeability of the cell membrane 
and the rate of formation of C!*O, from the substrate. Another 
factor is that there is a small amount of each compound such as 
a-ketoglutarate, succinate, etc., present in the tissue prior to the 
exposure to C"O,. Since in the method of fractionation, these 
compounds are included with those formed subsequently by the 
fixation reaction, there is, consequently, some dilution of the C*. 
A third factor is suggested by results from the anaerobic fermenta- 
tion in which the C™ content of the final sodium bicarbonate 
plus gaseous CO, was determined. The observed value was 6.02 
per cent C®. Actually 3.82 mm of CO, with a normal C® content 
would be required to produce such a dilution of the CO, of the 
original NaHCO; which contains 9.61 per cent C®. Determina- 
tion showed that only 1.42 mm were produced. This apparently 
indicates that the CO. was diluted by exchange with carbon from 
the pigeon liver itself. It would be interesting to know more 
about the exchange reactions occurring in the liver tissue. Evans 
and Slotin (7) and Rittenberg and Waelsch (19) have shown that 
the carbon of urea is derived from carbon dioxide; perhaps there 
is an exchange of C™ and C" by this reaction in our experiments. 
The exchange may also occur in the carboxyl group of amino 
acids, particularly with the 4-carbon dicarboxylic acids through 
the combined action of transaminase (2) and the enzyme which 


’ The final concentration of C™ in the bicarbonate and gaseous CO, has 
been calculated on the basis that the original sodium bicarbonate was 
diluted by the following amounts of C"O,: 2.7 mm from the 5 per cent CO, 
and 95 per cent oxygen mixture, 3.75 mm produced by fermentation of the 
pyruvate. It is assumed that 3 molecules of CO, were formed with each 
molecule of succinate, 2 with each molecule of a-ketoglutarate, and 1 with 
each of citrate and acetate. Acetate production is considered equal to 
the lactate. 
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catalyzes exchange in oxalacetate. At any rate because of the 
uncertainties as to the C" content of the CO, available to the cell 
for fixation, it is not possible to predict the concentration of C™ 
to expect in the carboxyl groups. Furthermore, it is evident 
that even though the C" content of the required carboxy] carbons 
and the gaseous and sodium bicarbonate carbon were equivalent, 
this would not unequivocally prove that carbon fixation was an 
essential reaction. The initial reaction in oxalacetate synthesis 
could occur, for example, by some other reaction than fixation 
and following this the carboxyl groups could come to equilibrium 
with C"O, by the enzymic exchange reaction of Krampitz ef al." 
The C™ concentration would be the same by either pathway. 
There is ample evidence, however, that carbon dioxide does not 
function solely in non-essential exchange reactions, for it is 
known, for example, to be necessary for the growth of micro- 
organisms (20) and in the reduction of methylene blue by de- 
hydrogenases (10). Obviously due precaution must be taken in 
deciding the course of a reaction from the location of fixed carbon 
in the molecule. Our position is that 4-carbon dicarboxylic 
acids can be formed by fixation, but nothing is known at present 
as to the necessity of this reaction in the dissimilation of pyruvate 
by liver. 


SUMMARY 


The dissimilation of pyruvate by pigeon liver occurs with 
accompanying fixation of carbon dioxide. By use of CO, the 
fixed carbon has been shown to be exclusively in the carboxy] 
groups of the 4-carbon dicarboxylic acids (malate, fumarate, and 
succinate), the carboxyl adjacent to the carbonyl of a-keto- 
glutarate, and the carboxy] of lactate. Aerobically in the presence 
of malonate succinate is formed which contains little or no fixed 
carbon. It is proposed that the 4-carbon dicarboxylic acids are 
formed by two mechanisms, one reductive through the carbon 
fixation reaction, the other oxidative by a tentative and modified 
Krebs cycle which does not involve citric acid. The scheme 
accounts for the observed positions of the fixed carbon and the 
aerobic formation in the presence of malonate of succinate not 
containing fixed carbon. Possible mechanisms of fixation of 
carbon in lactate are considered. 
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THE FORMATION OF ACETONE BODIES FROM 
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There are many compounds which in the course of biological 
oxidation are regarded as capable of forming acetic acid and, 
therefore, the metabolic behavior of this substance is of consider- 
able interest. When acetic acid is fed to animals, it is readily 
utilized (1) and the question arises as to whether this utilization 
is by direct oxidation or through the formation of intermediate 
compounds which may in turn be oxidized. One type of inter- 
mediary conversion that has been studied is the formation of 
acetoacetic and 6-hydroxybutyric acids from acetic acid. Investi- 
gations on perfused livers (2), liver slices (3), and intact animals 
(4) have all shown that acetic acid causes an increased production 
of the acetone bodies. However, evidence gained in this manner 
leaves some doubt as to whether the acetone bodies were formed 
directly from acetic acid or whether the administration of acetic 
acid stimulated acetone body formation from some other precursor. 
In order to determine which one of these two mechanisms is 
effective in the formation of acetone bodies, the following experi- 
ments, with the heavy isotope of carbon, C", were performed. 


* The authors wish to acknowledge grants from the Rockefeller Founda- 
tion and Dazian Foundation for Medical Research. 

t The experimental data are taken from a thesis submitted to the Fac- 
ulty of the Graduate School of the University of Minnesota by Marian 
Swendseid in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 
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EXPERIMENTAL 


Acetic acid containing excess heavy carbon in the carboxyl 
carbon atom was synthesized by the Grignard method from 
CH;MglI and CO, containing excess C“. A 1M concentration of 
the heavy acetic acid containing 4.3 per cent C™ in a 0.9 per cent 
sodium chloride solution was fed by stomach tube to two female 
rats weighing approximately 100 gm. Two comparable rats of 
the same body size were given 0.9 per cent sodium chloride solu- 
tion alone. The rats, which had been previously fasted for 24 
hours, were given 1 cc. of the test solutions per sq. dm. of body 
surface twice daily for 3 days. Individual 24 hour urine specimens 
were collected and the samples were treated with copper and cal- 
cium hydroxide according to the method of Van Slyke (5). It 
was found that the amount of acetone bodies excreted by the rats 
receiving sodium chloride alone was too small for C™ analysis; 
so the urines from the two controls were combined. One-half of 
the copper lime filtrate was boiled with mercuric sulfate reagent 
and potassium dichromate as described by Van Slyke (5) for the 
determination of urine acetone bodies. The Denigts mercury- 
acetone precipitate resulting from this treatment was weighed for 
the calculation of daily acetone body excretion. It was then 
oxidized to CO, with persulfate (6) and the CO, collected for C™ 
analysis by the mass spectrometer. The remaining portion of 
the copper lime filtrate was acidified and the acetone bodies ex- 
tracted with butyl alcohol by the method of Morehouse (7). This 
extract which contains acetoacetic acid, 8-hydroxybutyric acid, 
and some other contaminating organic acids was oxidized with 
persulfate (6) and the evolved CO, analyzed for C™. 

A similar experiment was performed in which fasting rats were 
given sodium bicarbonate containing the heavy isotope of carbon. 
As in the acetic acid experiment, both the Denigés mercury-acetone 
precipitate formed in the regular Van Slyke acetone body deter- 
mination and the butyl alcohol extracts of the copper lime urine 
filtrate were oxidized with persulfate and the CO, analyzed for 
C. In this experiment 1 cc. of either 1 M heavy sodium bicar- 
bonate containing 4.5 per cent C"* or 0.9 per cent sodium chloride 
per sq. dm. of body surface was administered twice daily to 
fasting rats for 3 days. 

All of the values for the C™ content of the acetone body prepa- 
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rations reported in Tables I and II are related to a value of 1.09 
per cent C™ of a standard solution of Merck’s reagent sodium 
bicarbonate. Nier and coworkers (9, 10) have shown that varia- 
tions occur in the relative abundance of the carbon isotopes ob- 
tained from natural sources. It has been found in this laboratory 
(unpublished results) that the natural abundance of C" from 
animal tissues averages lower than that obtained from mineral 


TaBize | 
Heavy Carbon Content of Urinary Acetone Bodies from Fasting Rats Fed 
Heavy Acetic Acid 








| Acetone body | 
Body | SNS Pe | (Ci C® in butyl 
we he Rat No. pf Treatment* 100 sa. em. body Denigds clei’ 
average | (calculated as | ppt.t extractt 
| | acetone) 
sq. dm mg | per cent per cent 
ist | 1,2 | 24 | NaCl 1.6 1.07 1.07 
3,4 2.5 AcOH 4.9 1.12 1.14 
2nd 1,2 NaCl | 1.6 | 1.08 
3 AcOH 18.8 | 1.13 1.27 
4 - 12.7 1.13 1.20 
3rd | 1,2 NaCl | 3.4 1.08 1.09 
3 AcOH 19.6 1.17 1.37 
4 . 2.9 | 1.08 1.10 





Body surface was calculated from the formula of Carman and Mitchell 
(8). 
* Each rat was fed either 0.15 m sodium chloride or | M acetic acid in doses 
of 1 cc. per sq. dm. of body surface twice daily. 
moles C¥ 


TC" = moles C™ + moles c= * 1° : 
sources and has a value relative to the standard sodium bicar- 
bonate solution mentioned above of 1.06 + 0.04 per cent C™. 

The results of the heavy acetic acid experiment are shown in 
Table I. It will be seen that with one exception (Rat 4 on the 
3rd day of fasting) the administration of acetic acid resulted in an 
increased excretion of acetone bodies. Furthermore, accom- 
panying this increased excretion there was an excess of C" in both 
the Denigés precipitate and the butyl alcohol extract over that 
found in the controls given sodium chloride. In the one case in 
which acetone body excretion did not increase after acetic acid 





ee 


o~ siti iti pare ie 





50 Formation of Acetone Bodies 


there was no increase in C™ in the two acetone body preparations. 
A severe diarrhea developed in this rat on the 3rd day and it is 
possible that intestinal absorption was impaired. 

While these results leave no doubt as to the transfer of carboxyl 
carbon of acetic acid to acetoacetic and 8-hydroxybutyric acids, 
it is possible that the acetic acid carboxyl was converted to CO, 
and that carbon in this form was incorporated in the acetone 
bodies. In order to test this possibility a second group of two 
rats was given sodium bicarbonate containing excess C" and the 


Tase II 
Heavy Carbon Content of Urinary Acetone Bodies from Fasting Rats Fed 
Heavy Sodium Bicarbonate 


| Acetone body 


; excretion per | . , 
— Rat No. p. .d Treatment* 10 pa em. body | Dontute | On puto 
average (calculated as | ppt.t extractt 
acetone) 
aq. dm. mg. percent | percent 
Ist 1,2 2.4 NaCl 1.1 108 | 1.07 
3 2.4 NaHCO, | 2.5 | 1.09 | 1.08 
4 2.5 . 5.2 1.07 | 1.07 
2nd | 1,2 NaCl 1.5 - sae 
3 NaHCO; | 2.7 1.07 | 1.07 
4 = | 10.0 1.08 1.08 
3rd | 1,2 NaCl 2.4 | 1.07 1.09 
3 NaHCO; 2.9 1.08 1.08 
1.07 1.08 


4 ” 14.4 


*Each rat was fed either 0.15 m sodium chloride or 1 m sodium bicar- 
bonate in doses of | cc. Mer sq. dm. of body surface twice daily. 
tSee Table I. 


excretion and distribution of C" in the acetone bodies were again 
followed. Sodium chloride was given the two controls. The 
results are given in Table II. Both rats given sodium bicarbonate 
showed an increased ketonuria over the controls, Rat 4 exhibiting 
the greatest excretion. Neither the Denigts precipitate nor the 
butyl alcohol extract of the urines of the heavy sodium bicar- 
bonate-fed rats showed an excess C™. Therefore the excess C™ 
found in the urinary acetone body preparations of the acetic acid- 
fed rats must have come from a direct transfer of the carboxyl 
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carbon rather than through the intermediate formation of COs. 
It has long been recognized that sodium bicarbonate administra- 
tion causes an increased ketosis. Recently MacKay et al. (11) 
have presented evidence that this ketogenic activity of alkali is 
brought about by a secondary disturbance in the carbohydrate 
metabolism. The results presented here lend support to this 
conclusion in that it is shown that the carbon of sodium bicar- 
bonate does not take part in acetone body synthesis. 

In the Van Slyke procedure for acetone body determination, 
acetoacetic and §-hydroxybutyrie acids are oxidized to acetone 
and the formed acetone is combined with mercury to form an 
insoluble addition compound. Thus the acetone does not include 
the carboxyl carbon of either 8-hydroxybutyric or acetoacetic 
acid. On the other hand, the butyl alcohol extract should contain 
the entire molecule of these two acids. It would be expected 
that the latter preparation would contain more C" than the 
former if the acetone bodies are formed by the condensation of 
2 moles of acetic acid. It will be seen in Table I that this is the 
case. However, the C™ content of the butyl alcohol extract is 
much higher than would be expected from the stoichiometric 
relationship. While no definite explanation can at present be 
given, it should be remembered that the butyl alcohol extract as 
prepared probably contains organic acids other than acetoacetic 
or 8-hydroxybutyric and that acetic acid might be taking part 
in the synthesis of these other compounds. 


SUMMARY 


By the use of the heavy isotope of carbon, C™, it has been 
shown that acetic acid takes part in the synthesis of the acetone 
bodies in the fasting rat. In a similar manner it has been shown 
that the carbon of sodium bicarbonate does not enter the acetone 
bodies formed by the fasting rat. 


BIBLIOGRAPHY 


1. Lusk, G., J. Biol. Chem., 49, 453 (1921). 

2. Loeb, A., Biochem. Z., 47, 118 (1912). 

3. Jowett, M., and Quastel, J. H., Biochem. J., 29, 2159 (1935). 

4. MacKay, E. M., Barnes, R. H., Carne, H. O., and Wick, A. N., J. Biol. 
Chem., 136, 157 (1940). 











52 


ao 


— 
_ 
-ocoosl 


Formation of Acetone Bodies 


. Van Slyke, D. D., J. Biol. Chem., 32, 455 (1917). 
. Osburn, O. L., and Werkman, C. H., Ind. and Eng. Chem., Anal. Ed., 


4, 421 (1932). 


. Morehouse, M. G., J. Biol. Chem., 129, 769 (1939). 

. Carman, G. G., and Mitchell, H. H., Am. J. Physiol., 76, 380 (1926). 

. Nier, A. O., and Gulbransen, E. A., J. Am. Chem. Soc., 61, 697 (1939). 

. Murphey, B. F., and Nier, A. O., Physic. Rev., 59, 771 (1941). 

. MacKay, E. M., Wick, A. N., Carne, H. O., and Barnum, C. P., J. Biol. 


Chem., 138, 63 (1941). 




















A COMPARISON OF THE ACETONE BODY METABOLISM 
OF THE LACTATING MAMMARY GLAND OF THE 
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(Received for publication, August 9, 1941) 


The mammary gland of the cow is unique as an organ for pur- 
poses of experimental study of various metabolic processes. Pro- 
tein, carbohydrate, and fat synthesis all take place at a very rapid 
rate in an organ almost isolated from the remainder of the body 
except for the circulatory and nervous systems and a number of 
supporting tissues. Because of the accessibility of the blood ves- 
sels, both arterial and mammary venous blood can be drawn with- 
out recourse to surgery, and, with proper technique, without 
excitation to the animal. One of the most important steps in the 
development of the arteriovenous method of study of milk secretion 
has been the observations of the effect of excitation upon blood 
concentration changes in the gland and the bearing of such changes 
upon the validity of results obtained in arteriovenous studies (Shaw 
and Petersen (1)). It was demonstrated that the concentration of 
hemoglobin in the passage of the blood through the gland rarely 
exceeded 1 per cent in the undisturbed animal and in most cases 
the changes were much less. With noticeable disturbance to the 
animal there were significant changes in blood concentration and 
coincidentally the arteriovenous differences for fat, protein, oxygen, 
and carbon dioxide showed values which were obviously untenable. 
Blood glucose, amino acids, and acetone bodies are not affected so 
seriously. Recent data (unpublished) demonstrate that arterio- 
venous differences of calcium and phosphorus are affected very 
materially by conditions which result in even slight changes in the 
concentration of the blood traversing the gland. As a result of 
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this work we are in a much better position to evaluate the results 
obtained from arteriovenous studies. The experiments in which 
no detectable changes in blood concentration occur give the most 
consistent results and are considered to represent the true picture 
in the completely undisturbed animal. The method, while accu- 
rate to only 0.5 per cent on the absolute basis, can be used to detect 
much smaller differences between samples. Since the concentra- 
tion changes probably are due to changes in blood pressure, the 
observations may be expected to apply to similar studies upon 
other organs of the body. 

In a comprehensive study of the quantity of glucose and lactic 
acid and of the quantity of blood fat utilized by the lactating mam- 
mary gland (Shaw and Petersen (2, 3)) we were led to conclude that 
the gland must obtain much of its energy from the burning of fat. 
On the basis of the quantity of blood calcium taken up by the active 
gland per 100 ce. of blood, and the per cent of calcium in the milk, 
and the quantity of blood glucose and lactic acid taken up by the 
active gland per 100 ec. of blood, and the per cent of lactose in the 
milk, our calculations showed that practically all of the glucose and 
lactic acid are needed for the synthesis of lactose, leaving very little 
for energy purposes or for the synthesis of fat. Similar calculations 
on a large number of experiments indicated that sufficient blood fat 
was taken up by the mammary gland to account for all of the milk 
fat. Asa result we postulated that some of the longer chain fatty 
acids were oxidized for energy purposes and that the short chain 
fatty acids peculiar to milk fat were formed by oxidation and sub- 
sequent reduction of the longer chain fatty acids, possibly in the 
manner proposed by Hilditch et al. (4,5). Graham et al. (6) on the 
other hand concluded that the energy for milk secretion was de- 
rived from carbohydrate. 

What is believed to be direct evidence of the oxidation of fat by 
the mammary gland was reported by Shaw and Knodt (7). Ina 
series of arteriovenous studies it was shown that a relatively large 
quantity of 8-hydroxybutyric acid is used by the lactating gland. 
Also it was observed that the fraction consisting of acetoacetic acid 
and acetone is not used by the active gland. Two alternative pos- 
sibilities were proposed as to the réle of 8-hydroxybutyric acid in 
milk secretion, (1) that it is used as a source of energy, and (2) that 
it is the precursor of the short chain fatty acids of milk. Later 
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evidence was presented favoring the latter view (8). More re- 
cently we have found that the short chain fatty acids of milk fat 
decrease very markedly in ketosis in dairy cows (9). Since the 
8-hydroxybutyric acid of the blood is considerably above normal in 
ketosis, this raises a question as to the validity of such a suggestion 
and favors our alternative suggestion that it is oxidized for energy 
purposes. 

In a further study of the fat metabolism of the mammary gland, 
dairy cows with ketosis were selected as experimental subjects be- 
cause of the relatively large quantity of acetone bodies in the 
blood. These data indicate that not only 6-hydroxybutyric acid 
but also considerable quantities of other fat are oxidized by the 
lactating mammary gland of the cow for energy purposes. 


EXPERIMENTAL 


Arterial and mammary venous bloods were drawn from cows in 
a state of ketosis in the manner previously described (1). Blood 
acetone bodies were determined by the method of Barnes and Wick 
(10) with the same precautions in the handling of the blood samples 
as in the previous experiments (7). Oxygen and carbon dioxide 
were determined by the methods of Van Slyke and Neill (11) and 
hemoglobin by the method of Evelyn and Malloy (12). The ex- 
perimental animals used were field cases of dairy cows with spon- 
taneous ketosis. In eight arteriovenous studies on seven cows 
with ketosis both the acetone bodies and oxygen utilization of the 
lactating gland were determined. These data are presented in 
Table I. The acetone body utilization is calculated as 6-hy- 
droxybutyrie acid, since the fraction consisting of acetoacetic acid 
and acetone is not used by the active gland, as shown in Table II 
and elsewhere (7). For purposes of comparison the utilization of 
8-hydroxybutyric acid and oxygen by the glands of normal cows 
also is presented in Table I. In fifteen experiments on normal 
cows in which there was no change in blood concentration in the 
mammary gland there was a mean utilization of 1.83 + 0.246 mg. 
per cent of 6-hydroxybutyric acid. In the experiments on the 
cows with ketosis there was a mean utilization of 4.11 + 0.310 mg. 
per cent or over 100 per cent more than the utilization by the gland 
of the normal cow. Assuming that §-hydroxybutyric acid is 
oxidized by the gland for energy purposes, it would be expected 
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TaBLe I 


Comparison of Utilization of B-Hydroxybutyric Acid and Oxygen by Lactating 
Mammary Gland of Normal Cow with That of Cow with Ketosis 





| Total acetone | Assuming 6- 
bodies hydroxybutyr- 
Blood | (as acetone) Differ- | | ate burning 
= ih, eis tlliah —| ence (as Oxygen |— “pang 
Cow centra- | 8-hydrox-| con- | Per R.Q. 
tion | ybutyrie sumed ,. | cent of 
momes ~ | Venous} *4) gen re- a 
quired | sumed 
| | | needed 











Cows with ketosis 

















| per | mg. per|mg.per| mg. per | vol. per | vol. per 

| cent cent cent cent cent | cent 
Do..............| 0.59 | 20.10} 18.16} 4.06 | 3.53 | 3.89 [110.19] 1.38 
Sp..............+| 0.85 | 23.52] 21.60} 3.97 | 3.72 | 3.85 103.49) 0.98 
Wr... | 0.47 | 34.10) 31.91] 4.52 | 4.23 | 4.38 /103.54) 1.15 
| 0.25 | 35.80] 34.09} 3.53 | 2.96 | 3.42 |115.54) 1.34 
A. | 0.00 | 29.15} 27.22} 3.99 | 4.82 | 3.87 | 80.29} 0.82 
er | 0.87 | 37.63] 35.07} 5.29 | 3.84 | 5.13 /133.59| 1.20 
Ne... | 0.00 | 46.13] 43.69] 5.04 | 2.91 | 4.89 |168.04| 1.24 
He..............| 0.00 | 11.14] 9.93} 2.50 | 3.09 | 2.43 | 78.64) 1.09 
Average.........| 0.32 | 29.70] 27.71} 4.11 | 3.64 | 3.98 |111.67] 1.15 
Standard error. . +0.310 +0.235 +0.057 


Normal cows 


1.83* | 4.83t| 1.78 | 36.85 
+0.246 +0. 156) 





3.40 2.52 
Standard error. . 








* Fifteen cows. 
t Unpublished data of Petersen and Shaw on fourteen cows. 


TABLE II 


Arteriovenous Differences of Acetoacetic Acid + Acetone of Lactating Gland 
of Cow with Ketosis 











Acetoacetic acid + acetone (as acetone) 
Cow - ek 
Arterial Venous Difference . 

‘ — ang. gor ent | oe, of cent mg. ont Gal ‘ per send 
Ki... 12.38 | 12.67 | +029 | 0.50 
Ne. | Ma | M82 | 40.18 | 0.00 

" 13.14 13.38 +0.24 0.00 
Bihinc seh fee 4) Ae —0.2%4 0.00 
Average | 12.64 | 12.76 +0.12 
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that with the increased uptake by the gland of the animal with 
ketosis there would be a corresponding increase in oxygen utiliza- 
tion, unless oxygen which normally is utilized for other purposes is 
released for the increased burning of 6-hydroxybutyric acid. In 
fourteen experiments on normal cows in which changes in blood 
concentration in the gland did not exceed 0.5 per cent, there was a 
mean utilization of 4.83 + 0.156 volumes per cent of oxygen. 
The mean utilization of oxygen by the glands of the cows with 
ketosis was 3.64 + 0.235 volumes per cent, or actually less than 
normal. 

Assuming that 0.97 cc. of oxygen is required for the complete 
combustion of 1.0 mg. of 6-hydroxybutyric acid, an average of 
3.98 ec. of oxygen per 100 cc. of blood would be required to oxidize 
completely the 8-hydroxybutyric acid used by the glands in ketosis. 
This is greater than the total amount of oxygen available but prob- 
ably is within experimental error. In the case of the glands of the 
normal cows only 36.85 per cent of the available oxygen would be 
needed to oxidize completely the 8-hydroxybutyric acid utilized. 
We reported in an earlier communication (7) that 42 per cent of 
the available oxygen would be needed for the complete combustion 
of this material. The values given in Table I are based on an ex- 
tension of the previous studies and involve a larger number of 
determinations in which no blood concentration changes occurred. 

It is apparent then that in the gland of the normal cow approxi- 
mately 63 per cent of the oxygen taken up by the gland is available 
for the oxidation of some substance or substances other than the 
8-hydroxybutyrie acid derived directly from the blood. This 
could be explained by assuming that with the onset of ketosis and 
the resulting increase in blood acetone bodies there is a change from 
the oxidation of both 6-hydroxybutyric acid and other fat to the 
sole oxidation of 8-hydroxybutyrie acid. This explanation would 
account for the smaller quantity of oxygen taken up by the gland 
in ketosis, since a shift from the oxidation of fatty acids to an 
oxidation of B-hydroxybutyrie acid would require less oxygen. 
Unpublished data show that the utilization of glucose and lactic 
acid by the gland of the cow in ketosis is approximately normal 
even though both substances are below normal in the blood. It 
therefore appears that the increased utilization of 6-hydroxybutyric 
acid by the gland of the cow with ketosis is not due to a decrease in 
the oxidation of carbohydrate but is due to a change from the oxi- 
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dation of other fat to the sole oxidation of 6-hydroxybutyric acid, 
If this is the case, we must assume that the normal gland obtains 
much of its energy from the oxidation of fat in which approximately 
37 per cent of its available oxygen is used for the oxidation of 
8-hydroxybutyric acid and the other 63 per cent for the oxidation 
of other fat. 

If the mammary gland of the normal cow oxidizes 8-hydroxy- 
butyric acid for energy purposes, the increased utilization of 8-hy- 
droxybutyric acid for energy purposes in ketosis might be expected 
from the work of Barnes et al. (13-15), Dye and Chidsey (16), and 
Wick and Drury (17) in which it was shown that the rate of utiliza- 
tion is dependent on the concentration of this substance in the 
blood. The latter workers reported that the upper limit of utiliza- 
tion appeared to be reached when the oxidation of 8-hydroxy- 
butyrie acid used approximately 90 per cent of the oxygen con- 
sumed by the animal. In the case of the mammary gland of the 
cow with ketosis it appears that the upper limit of utilization is not 
reached until practically all of the oxygen taken up by the gland 
has been used up. The lesser amount of oxygen used by the gland in 
ketosis and the increased uptake of 8-hydroxybutyric acid indicate 
that the rate of utilization of this substance is dependent upon the 
energy requirements of the gland and that the rate of oxygen 
utilization is dependent upon the kind and quantity of substance 
available for oxidation. In the normal cow in which insufficient 
8-hydroxybutyric acid is available to provide all the needed energy 
the gland probably turns to the oxidation of other fat with the re- 
sulting increase in the oxygen utilization. That the blood flow and 
not the arteriovenous differences vary with a change in the level 
of milk production was first demonstrated by Shaw, Boyd, and 
Petersen (2) and indicates that any change in the activity of the 
secretory tissue of the gland during ketosis probably is coincidental 
with a corresponding change in the volume of blood traversing the 
gland and should not affect materially the arteriovenous differences 
of those substances used in direct synthesis. It therefore appears 
that the decreased oxygen uptake is not due to the decline in milk 
flow which often occurs in ketosis. 

If fat other than 8-hydroxybutyric acid is oxidized in the gland, it 
is quite possible that the short chain fatty acids of milk fat are 
derived from such oxidation, followed by reduction, as previously 
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suggested. The marked decrease in the short chain fatty acids in 
ketosis and in complete inanition could both be explained on this 
basis, for with the increase in acetone bodies which occurs in both 
cases there would be a decrease in the oxidation of other fat and a 
corresponding decrease in the formation of the short chain fatty 
acids of milk. 

The metabolic processes of the gland which are responsible for 
the high respiratory quotient of the normal gland, as reported by 
Graham et al. (6), Shaw and Petersen (18), and Reineke et al. (19), 
do not appear to have been altered materially in ketosis, as shown 
by the mean value of 1.15 + 0.057 in Table I. The oxidation of a 
considerable quantity of fat would indicate that some unknown 
metabolic processes may be taking place at a rapid rate to account 
for the high respiratory quotient. However, considering the dif- 
ficulty involved in attempting to evaluate respiratory quotient 
values even in relatively simple systems, it is deemed advisable to 
withhold judgment as to the possible meaning of such values until 
considerably more is known about the various reactions taking 
place in the gland. 

The simultaneous increase in 8-hydroxybutyric acid utilization 
and decrease in the short chain fatty acids of milk clearly demon- 
strate that this substance is not the precursor of these fatty acids. 

It is of interest to note that neither the gland of the normal nor 
of the cow in a state of ketosis used acetoacetic acid. It is ap- 
parent that in the case of the mammary gland, at least, the aceto- 
acetic acid must be converted to 6-hydroxybutyric acid elsewhere 
in the body before it is utilized, and suggests the interesting possi- 
bility that a similar conversion may have to take place for the 
oxidation of this substance by other tissues of the body. 


SUMMARY 


1. The lactating mammary gland of the cow in ketosis used over 
100 per cent more 6-hydroxybutyric acid per 100 cc. of blood trav- 
ersing the gland than the gland of the normal cow. Simultane- 
ously there appears to be a decrease in oxygen utilization. 

2. Practically all of the oxygen taken up by the lactating gland 
of the cow with ketosis would be needed for the complete combus- 
tion of the 6-hydroxybutyric acid removed from the blood by the 
gland. 
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3. In the normal gland only 37 per cent of the oxygen consumed 
would be required for the complete combustion of the 6-hydroxy- 
butyric acid used. It is suggested that much of the energy for milk 
production in the normal gland is derived from the oxidation of fat 
in which approximately 37 per cent of the oxygen consumed is used 
in the oxidation of 8-hydroxybutyric acid, while the remaining 63 
per cent is used in the oxidation of other fat. 

4. Acetoacetic acid is not utilized by the active mammary gland 
of either the normal cow or the cow with ketosis. 
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Urine of healthy persons contains small concentrations of cys- 
tine and possibly other substances of low molecular weight, 
which contain --S—-S— and —S—H groups. Colorimetric es- 
timations of cystine in urine were reported by Shinohara and 
Padis (1), Medes (2), Kennedy et al. (3), and Sullivan and Hess (4). 
Brditka (5) describes catalytic steps and waves on polarographic 
current voltage curves, which are caused by organic mercapto 
and mercaptoamino acids and cystine- and cysteine-containing 
proteins in suitable cobalt buffer solutions. The present paper 
deals with the application of this method to the estimation of 
cystine! in urine, and a comparison with the Sullivan-Hess colori- 
metric method. 

The polarographic effect of protein —S—S— and —S—H 
groups is observed in ammoniacal buffers containing di- or tri- 
valent cobalt salts; whereas cystine and cysteine react only in 
the presence of divalent cobalt. The effect of cystine and cys- 
teine may thus be eliminated by the use of trivalent cobalt salts 
and urinary proteins can be estimated polarographically in spite 
of the great excess of urinary cystine (6). The latter may be 
estimated with divalent cobalt in dilutions at which the polaro- 
graphic effect of urinary proteins becomes negligible. Separate 
estimations of cystine and protein can therefore be carried out 
without previous chemical or physical separation. 


! The term cystine will be used throughout this paper for the total of 
cystine plus cysteine, because by the polarographic method and the colori- 
metric method, involving the use of NaCN, there is no discrimination 
between the reduced and the oxidized form. 
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For the estimation of cystine 0.5 ml. of urine is added to 200 
ml. of a solution 0.003 N in CoCh, 0.1 N in NH,CI, and 0.1 Nn 
in NH;. A polarographic record of the solution exposed to the 
air is made at from —1.2 to —1.8 volts (galvanometer sensitivity 
0.5 microampere per mm.). The drop time of the cathode should 
be about 3 seconds in distilled water. A 14 gage silver wire is 
conveniently used as anode. 

The resulting polarographic wave showed the same shape and 
deposition potential as did pure cystine solutions, and the same 
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Fig. 1. Effect of increasing concentrations of cystine on the polaro- 


graphic wave. 
Fia. 2. Effect of time on the height of the polarographic cystine wave of 


urine. 


increase of wave height with increasing concentration was ob- 
served (Fig. 1). 

The time factor in polarographic estimations of pure cystine 
solutions is negligible if oxidation of the cobaltous complex is 
prevented by keeping the solution in a glass-stoppered bottle 
prior to polarographic analysis. The height of the polarographic 
cystine wave does not change with time, whether cystine, cysteine, 
or protein hydrolysates are estimated. If, however, the polaro- 
graphic record of 0.5 ml. of urine in 200 ml. of cobalt buffer is 
made at 5 minute intervals after the addition of urine, it is found 
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that the height of the cystine wave increases with time and reaches 
a maximum and constant value after 1 hour (Fig. 2). This 
indicates that the concentration of free cystine was increasing in 
the solution. A retarding effect of other urine constituents on 
the development of the cystine curve must be excluded, as added 
cystine can be recovered quantitatively and immediately. The 
same is true for cystine which was added to a synthetic urine 
(urine prepared according to Okuda with the addition of the oxy- 
proteic acid fraction of a normal urine). 

The original concentration of cystine in urine will be called 
“free” cystine. Its value may be obtained by extrapolation of the 
curve in Fig. 2 for the time zero. This value is analytically the 
least accurate. The cystine corresponding to its maximum con- 
centration after 1 hour will be called “total” cystine and may be 


TABLE I 


Cystine Concentration in Urine in Mg. Per Cent 


Method Time Unhydrolyzed | a 5 a | | ~ a 
Polarographic | 0 6-8 
5 min. 13.6 15.3 17.0 
1 hr. 21.4 20.0 | 18.1 
Colorimetric 7.3 17.1 19.2 


estimated with an accuracy of +5 per cent. The difference be- 
tween “free” and “total” cystine will be called “liberated” cys- 
tine. The ammonia-ammonium chloride buffer or the cobalt 
chloride alone failed to free any cystine from urine. The liber- 
ating action must therefore be due to the formation of the cys- 
teine-cobalt complex in ammoniacal solution. 

The amount of free cystine excreted in 24 hours varied from 40 
to 80 mg. in twenty healthy persons. These values agree well 
with those obtained by previous workers (1-4). The amount of 
total cystine varied from 100 to 200 mg.; hence the amount of 
liberated cystine varied from 60 to 120 mg. “The excretion of a 
cystine complex which decomposes in urine’”’ has been reported 
by Brand et al. for cystinurie urine (7). Sullivan and Hess (4) 
reported an increase of from 35 to 100 per cent of the original 
concentration of cystine on acid hydrolysis of urine. 

Eight urine samples from different persons were analyzed for 
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cystine with the polarographic and colorimetric procedure before 
and after hydrolysis. The colorimetric method of Sullivan and 
Hess (4) was used throughout the work because of its specificity 
for cystine. Transmittancies were read with the Coleman spec- 
trophotometer at 5600 A. Light absorption due to the yellow 
color of urine and the brown color of the hydrolysate was esti- 
mated in blank determinations and accounted for in the calcula- 
tion of cystine values. Hydrolysis was carried out with concen- 
trated hydrochloric acid according to Sullivan and Hess (4), 
Table I shows the result of a typical experiment and the degree of 
correlation existing between the two methods and suggests that 
acid hydrolysis liberates the same amount of cystine as the am- 
moniacal cobalt buffer. The nature of the substance from which 
cystine is liberated on hydrolysis could not be ascertained. The 
substance diffuses through cellophane membranes. 


SUMMARY 


1. From 40 to 80 mg. of free cystine are found polarographically 
in the 24 hour urine samples of twenty healthy persons. 

2. The presence of a cystine complex in urine from which cys- 
tine is liberated by acid hydrolysis or treatment with ammoniacal 
cobalt buffers is demonstrated. 

3. Polarographic and colorimetric values for cystine show corre- 
lation within the limits of error in unhydrolyzed and hydrolyzed 


urine. 
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The ability of the rat to synthesize choline is well established. 
Du Vigneaud et al. fed methionine containing deuterium in the 
methyl group, and found deuterium in the methyl groups of the 
choline fraction of the animals (1). Stetten observed that the 
N® of ingested ethanolamine, and to a lesser extent of betaine, 
appeared in part as tissue choline (2). The action of choline in 
the prevention and cure of fatty livers (3) or hemorrhagic kidneys 
(4) has been duplicated by feeding betaine or methionine (5-8). 
The severity of renal lesions has been reduced by dietary creatine 
(9), and these latter observations have led to the concept of a 
requirement for “labile methyl groups’ rather than for choline 
specifically (10). We have observed (11) that the choline content 
of growing rats may increase 4- or 5-fold on a choline-free diet, 
and that the choline content per gm. of rat tissue remains con- 
stant on diets of widely differing composition. These latter ex- 
periments were conducted over relatively long periods, so that 
any renal lesions which may have developed had time to regress. 
Since it is not clear whether renal lesions are due to a deficiency 
of choline itself or to a lack of some other methyl-containing 
essential, we have now determined the choline content of organs 
from animals which actually showed symptoms of “choline de- 
ficiency.’’ Other experiments included a demonstration of choline 
synthesis during the critical period when symptoms developed, 
a determination of the choline content of rats on diets of variable 
methyl content, and a study of growth and reproduction on a 
synthetic diet free of choline. 

* Published with the permission of the Director of the Wisconsin Agri- 


cultural Experiment Station. 
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EXPERIMENTAL 


Choline Content of Pathological Animals—Four pairs of rats, 
35 to 40 gm. in weight, were fed the choline-free basal ration, 
Diet I (11), which consisted of extracted casein (12) 18, cerelose 
73, Wesson salts (13) 4, and corn oil 5. In addition, each rat 
received the following supplements daily: 10 y of carotene and 
5 y of calciferol dissolved in 1 drop of partially hydrogenated 
coconut oil, 20 y of riboflavin, 10 y of thiamine, 20 y of pyridoxine, 
and 50 y of pantothenic acid. Pair 1 received the control diet 


TaBLe [ 
Choline Content of Choline-Deficient Rats 


Total choline 


Pair No. and diet wae 4... 4 a = 
tM Putcraa 
Bi epini el #.1 - 
Ciaial/dSijels 
gm mg. | mg mg. | mg mg mg. 
1. Diet I (basal) 35 | Severe | 1.4) 4.7) 4.4/28.0) 38.5) 1.10 
40 1.5) 5.3) 4.235.0) 46.0) 1.15 
2. ‘ “ +25mg.ethanol-| 35 | Very se-, 1.4) 6.0) 3.4/28.9) 39.7) 1.13 
amine per rat per day 41 vere | 1.5) 5.8) 3.7/41.1) 52.1) 1.27 
| Brain + 
carcass | 
3. Diet 1+ 0.33 mg.choline | 43 | Slight 1.0} 2.9) 38.3 42.2) 0.98 
per rat per day 47 | 1.0 2.2; 46.3 | 49.5) 1.05 
4. Diet I + 5 mg. choline | 40 | None | 1.1) 2.4, 40.8 44.3 1 
per rat per day 42 (0.9 2.4 42.7 | 46.0 1 


only; Pair 2 received an additional 25 mg. of ethanolamine daily 
per rat; Pair 3, 0.33 mg. of choline daily per rat; and Pair 4, 5 
mg. of choline daily per rat. The rats were killed at the end 
of 7 days and the degree of kidney hemorrhage evaluated.' The 
kidneys, liver, brain, and carcass of each animal were then an- 
alyzed separately for choline by our modification of the reineckate 
method previously described (11). For Pairs 3 and 4 the brains 
were included with the carcasses. 


1 We are indebted to Mr. R. M. Johnson and Dr. F. W. Quackenbush 
for these animals. 
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The results are presented in Table I. Contrary to what one 
might expect in a true choline deficiency, the choline content of 
rats with hemorrhagic kidneys was not reduced but rather was 
slightly above normal. The rats in Pairs 1 and 2, all with kidney 
lesions, contained an average of 1.15 mg. of choline per gm. ef 
rat, ranging from 1.10 to 1.27 mg. Pair 4, fed 5 mg. of choline 
daily, averaged 1.10 mg. of choline per gm. of rat. The average 
for rats of comparable weight raised on our stock ration is 1.03 
mg. per gm. (0.90 to 1.14 mg.) and for mature rats, 0.82 mg. 
(0.79 to 0.84 mg.) (11). When the control diet was supplemented 
with choline in the present series, the amount of choline in the 
liver and kidneys decreased somewhat. Thus for Pairs 1 and 2, 
the choline content averaged 5.5 mg. per liver and 1.45 mg. per 
pair of kidneys. The livers and kidneys of rats (Pairs 3 and 4) 
which received choline averaged 2.5 and 1.0 mg. respectively. 
In the case of liver the difference in choline content was more than 
a reflection of a change in size of the organ; pathological livers 
contained an average of 2.1 mg. of choline per gm., whereas after 
the administration of choline the content was 1.5 mg. per gm. 
However, the choline content per gm. of kidney was not altered 
by feeding choline; 7.e., the increased choline content in patho- 
logical kidneys paralleled their increased size. 

The slightly increased choline content per gm. of pathological 
animals was confirmed in a second series of rats fed a high fat 
diet. Diet II had the following composition: crude casein 18, 
sucrose 38.9, lard 30, Wesson salts 5, brewers’ yeast 8, irradiated 
yeast 0.1. Each rat received 50 y of carotene in 1 drop of lard 
weekly. The rats ranged from 39 to 47 gm. in weight. Not- 
withstanding the fact that some choline was present in the 
diet, typical deficiency symptoms developed in many of the 
animals. Hence on the 9th day five sick rats of each sex were 
killed for analysis as well as five apparently normal females. 
The gastrointestinal tract of each rat was removed before analysis. 

The normal animals averaged 0.78 mg. of choline per gm. of 
rat (Table IT); the sick females averaged 0.94 mg. and the sick 
males, 0.99 mg. pergm. Since the ranges of values for the normal 
(0.74 to 0.85 mg. per gm.) and the pathological groups (0.88 to 
1.10 mg. per gm.) did not overlap, the differences were considered 
significant. The results of the two series therefore suggest that 
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the biochemical defect in the rats with hemorrhagic kidneys is not 
in the choline content but rather in some other methylated es- 
sential. 

Griffith (14) observed that the symptoms of choline deficiency 
appeared more slowly and were less severe in young female rats 
than in male rats of the same age and weight. This was con- 


Tase II 
Choline Content of Choline-Deficient Male and Female Rats 


Choline 





Sex Condition of rat ‘Condition of kiduegel nary of —. =o 
gm. mg mg. 

Female | Normal Normal 69 51.5 0.75 

66 56.0 0.85 

65 49.2 0.76 

63 46.8 0.74 

66 51.5 0.78 

Average. . . ites ; 51.0 0.78 

Female Inactive, weak Hemorrhagic 49 15.5 0.93 

48 44.3 0.92 

4] 36.1 0.88 

45 45.9 1.02 

45 42.5 0.95 

Average 42.9 0.94 

Male Inactive, weak | Hemorrhagic 49 48.7 1.00 

54 50.3 0.93 

| 38 35.6 | 0.94 

48 53.0 1.10 

47 45.2 0.96 

Average. ... , Kaci 46.6 0.99 


firmed with our high fat diet in the previous experiment. Hence 
it was of interest to determine whether this sex difference was a 
reflection of differences in choline content in very young rats. 
Accordingly four females and four males 27 days of age and 36 
to 45 gm. in weight were analyzed for choline. The males con- 
tained from 1.06 to 1.14 mg. of choline per gm. of rat, average 
1.10 mg.; the females contained 0.95 to 1.06 mg. of choline per 
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gm., average 1.01 mg. In other words the young female rats 
did not possess any greater stores of choline than did the males. 

Choline Synthesis During Critical Period—Griffith has noted 
that kidney lesions readily occur in rats 20 to 30 days of age on a 
low choline diet (14), but that there is a marked decrease in the 
incidence of lesions when rats 33 days of age or older are fed the 
deficient diet. In the younger rats the lesions were most severe 
at 7 to 10 days, but by 14 days considerable healing had occurred 
(14). Since older rats possess both the power to synthesize cho- 
line and to prevent and cure kidney lesions, the development of 
lesions in younger animals might be attributable to a failure in 
choline synthesis during the critical period. This possibility was 


Tase III 
Choline Content of Rats at End of Critical Period 





























i Total choline 
Diet Weis as a FE, 
| Kidney| Liver | Brain |Carcass| Total 7 
7 mg. mg “a: mg. mg. mg. 
Low choline, Diet I 73 1.1 6.7 3.4 | 56.9 | 68.1) 0.93 
| 80 | 2.3 | 8.3 | 4.9 | 64.4 | 79.9] 1.00 
a " low fat,| 66 | 1.5 6.8 | 4.7 | 50.8 | 63.8 | 0.97 
Diet I] | 67 | 1.1 | 6.5 | 4.0 | 54.3 | 65.9] 0.98 
66 1.4 | 8.8 | 4.3 | 51.2 | 65.7/ 0.99 





investigated as follows: Six rats, 21 days of age and 36 to 41 gm. 
in weight, were divided into two equal groups. Group 1 received 
the choline-free basal Diet I described above; Group 2 received a 
low fat, choline-free Diet III consisting of extracted casein 18, 
cerelose 78, and Wesson salts 4. The diets were supplemented 
with 4 drops of choline-free rice bran concentrate (11), 20 y of ribo- 
flavin, 10 y of thiamine, 10 y of carotene, and 5 y of calciferol in 
1 drop of partially hydrogenated coconut oil daily per rat. The 
rats were killed at the end of 14 days and the kidneys, liver, brain, 
and carcass of each rat analyzed separately for choline. 

All rats survived the experimental period except one in Group 
1 which died on the 7th day with kidney lesions. After 14 days 
on the low choline rations the rats contained an average of 69 mg. 
of choline per animal (Table III). Rats 20 to 30 days of age 
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contain an average of only 43 mg. of choline per animal (11). 
Thus approximately 26 mg. of choline had been synthesized by 
each rat during the critical 14 day period, and the choline content 
per gm. of rat remained normal. Incidentally, choline synthesis 
was not altered by the diet very low in fat. 

Diets Very Low in Labile Methyl Group—Our previous choline- 
free diets were all relatively high in labile methyl groups in the 
form of methionine; a diet low in methyl groups was realized by 
replacing the casein of Diet I with arachin (15), which contains 
only approximately 0.5 per cent of methionine (16). Diets con- 
taining zein as the source of protein were also fed. Thus the 
effect of methionine deficiency was compared with an amino acid 
deficiency not involving methyl groups. Both diets were fed 
with and without added choline. 

Twelve rats, 90 to 105 gm. in weight, were divided into four 
comparable groups. Group 1 received the low methionine, cho- 
line-free diet consisting of arachin 18, cerelose 73, corn oil 5, and 
Wesson salts 4. Group 2 received the same diet plus 24 mg. of 
choline per rat per day. Groups 3 and 4 received the diets of 
Groups 1 and 2, respectively, except that zein was fed as a source 
of protein in place of arachin. Choline-free rice bran concentrate, 
flavin, thiamine, carotene, and calciferol were administered in the 
usual amounts. The experiment was discontinued at the end of 
5 weeks. | 

Both groups receiving arachin showed an initial loss in weight 
during the first 2 weeks. However, Group 2 receiving choline 
lost only 17 gm., whereas Group 1 lost 29 gm. After the 2nd 
week both groups resumed growth. The rate of growth was 
much greater for the group receiving choline, so that at the end 
of the experiment this group weighed on an average 22 gm. more 
than the control group which had received no choline. Both 
groups receiving zein lost an average of 36 gm. during the 5 week 
experimental period. In other words, choline appears to have 
exerted a sparing effect on the small amounts of methionine in the 
arachin diets, but was without effect on the deficiencies in the zein 
diets. 

In this connection it was of interest to determine whether cho- 
line would prevent kidney hemorrhage in young rats on the diet 
low in labile methyl. Eighteen rats, 35 to 40 gm. in weight, were 
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divided into six equal groups comparable as to age, sex, and 
weight. Group | received the basal arachin diet described above. 
Groups 2 and 3 received the same diet as Group 1 plus 1 mg. of 
choline per rat daily and 4.4 mg. of choline per gm. of ration 
(about 20 mg. of choline per day), respectively. Group 4 received 
the choline-free basal ration Diet I in which casein was the source 
of protein. Groups 5 and 6 received the same diet as Group 4 plus 
2 mg. of choline (about 10 mg. daily) or 38 mg. of sarcosine (about 
190 mg. daily) per gm. of ration, respectively. All the diets were 
supplemented with 20 y of riboflavin, 10 y of thiamine, 100 y of 
pantothenic acid, 30 y of pyridoxine, 10 y of carotene, and 5 ¥ of 


TaBLe IV 
Severity of Kidney Degeneration in Young Rats on Various Diets 

















Group jie dara Description of kidneys 
Rat 1 Rat 2 Rat 3 
1 | Arachin ++++ ++++ ++ 
2 - + 1 mg. choline | Normal Normal Normal 
per rat per day 
3 | Arachin + 4.4 mg. choline - ad “i: 
per gm. ration (ca. 20 
mg. choline per day) 
4 | Casein ++++ ++ ++ 
5 | ‘* + choline Normal Normal Normal 
6 | ‘“ + sarcosine To? | Gere ++ 











calciferol. The rats were killed after 10 days and the degree of 
kidney hemorrhage recorded. 

In agreement with others (17) typical severe hemorrhagic 
kidneys resulted on the arachin diet in the absence of choline 
(Table IV), even though the rats lost an average of 4 gm. during 
the experimental period. Griffith and Mulford have reported 
that animals which failed to grow due to an inadequate food intake 
failed to develop hemorrhagic kidneys (10). On the arachin diet, 
however, the need for methyl groups was apparently so acute that 
lesions developed in animals which were losing weight. The addi- 
tion of choline to the arachin diet prevented kidney lesions com- 
pletely, although it did not prevent a loss in weight. In other 
words choline was effective in the absence of adequate dietary 
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methionine, thus eliminating methionine as the methyl compound 
whose absence causes kidney lesions. Of incidental interest was 
the observation that sarcosine, an N-methyl compound, did not 
protect against kidney hemorrhage. The methyl group of sar- 
cosine is thought to be removed as formaldehyde (18) and hence 
would not contribute to the labile methyl supply. 

The effect of the arachin diet on the choline content of rats was 
determined as follows: Four rats, 66 to 72 gm. in weight, were 
fed the arachin diet for 16 days, when they were killed, and the 
kidneys, liver, brain, and carcass of each analyzed individually 
for choline. The rats declined in weight at a rate of 1 gm. per 
day, and the livers at autopsy appeared very fatty. Nevertheless 
the analytical results revealed that the choline content remained 
proportional to body weight, an average of 0.81 mg. of choline 
being present per gm. of rat at the end of the experiment. The 
choline content per gm. of liver, however, was decreased. An 
average value of 1 mg. (range 0.7 to 1.2 mg.) was obtained as 
contrasted to the normal level of approximately 2.3 mg. per 
gm. (11). 

Selenium was fed in an indirect attempt to lower the labile 
methyl supply, since in selenium toxicity there is a garlic-like 
odor (19) which is ascribed to methyl selenide (20). Thus it 
appeared possible that selenium might function as a methyl! accep- 
tor, withdrawing methyl groups from other compounds and ex- 
creting them. In Series I, eight rats, 50 to 76 gm. in weight, were 
divided into two equal groups comparable as to age, sex, and 
weight. One group received the choline-free basal Diet I plus 
17.5 parts per million of Se as NagSeO;. The other group received 
the same diet plus 0.3 per cent choline. Each diet was supple- 
mented with 4 drops of choline-free rice bran concentrate, 20 y of 
riboflavin, 10 y of thiamine, 10 y of carotene, and 5 y of calciferol 
in 1 drop of partially hydrogenated coconut oil daily per rat. 
After 4 weeks two rats from each group were analyzed for choline. 
In Series II, eight rats, 110 to 162 gm. in weight, were divided 
into two comparable groups. One group received stock ration 
(21) plus 70 parts per million of Se as Na,SeO;. The other group 
received the same diet plus 0.5 per cent choline. After 4 weeks 
the livers from two rats in each group were analyzed for choline. 

The addition of selenite to the diet did not change the choline 
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content of the rats. In Series I, those rats which received no 
choline averaged 1 mg. of choline per gm. of rat (0.94 to 1.07 gm.); 
those rats which received choline averaged 0.97 mg. per gm. (0.89 
to 1.05 gm.). In Series II, the choline content of the livers of the 
two groups receiving Se with and without choline were essentially 
normal. Moreover, choline had no effect on the course of Se 
toxicity. The rats in Series I gained an average of 4 gm. in the 
experimental period of 4 weeks. The rats in Series II showed an 
average total weight loss of 25 gm. The latter rats also had the 
characteristic garlic-like odor and cirrhosis of the livers. Evi- 
dently the amount of labile methyl group necessary for a detect- 
able odor of methyl] selenide represents only a very minor fraction 
of the total methyl supply. 

Growth and Reproduction on a Diet Free of Choline—Jukes (22) 
raised two generations of rats on a synthetic diet in which the well 
characterized members of the vitamin B complex were supplied 
in crystalline form. His diet contained 50 mg. of choline per 100 
gm. of ration. In view of the fact that the rat synthesizes choline, 
and that an abundant supply of labile methyl group was present 
in the Jukes ration as methionine, it appeared possible that the 
choline could be omitted without serious consequences if the young 
rats survived the critical period. This was done in the following 
experiment. Fifteen rats, 36 to 46 gm. in weight, were divided 
into two groups comparable in age, sex, and weight. Group 1 
(eight rats) received a choline-free diet consisting of sucrose 65, 
extracted casein 25, corn oil 5, and Wesson salts 5. The following 
vitamin supplements were added per 100 gm. of ration: 1 mg. of 
carotene, 0.5 mg. of calciferol, 2.8 mg. of pantothenic acid, 1.0 mg. 
of nicotinic acid, 0.5 mg. of riboflavin, 0.2 mg. of thiamine, and 
0.2 mg. of pyridoxine. Group 2 (seven rats) received 50 mg. of 
choline per 100 gm. of ration in addition to the above supplements. 
Three of the rats in each group were females. With the exception 
of one rat in Group 1, which died with kidney hemorrhage on the 
8th day of the experiment, all grew to maturity. The rats receiv- 
ing choline (Group 2) grew at a slightly greater initial rate, but 
after the 2nd week both groups showed essentially the same rate 
of growth (Table V). After the 5th week of the experiment (9th 
week of life), the growth rate in Group 2 declined, whereas in 
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Group 1 it continued undiminished for 4 weeks more. As a result 
the rats in both groups were of essentially the same average weight 
at the end of 19 weeks; 1.e., 270 gm. 

Two females in Group 1 and one female in Group 2 gave birth 
to litters of six, five, and six, respectively. At 7 weeks of age, the 
average weight per rat in each litter was 81, 89, and 96 gm., respec- 
tively. Thus in the second generation as in the first, the rate of 
growth was somewhat less when choline was omitted from the diets, 
but that the young survived at all indicates the capacity of the 
rat to synthesize choline.* 


TaBLe V 
Growth of Rats on Synthetic Diet Free of Choline 


Average weekly weight gains 


Litter 2. Litter 3. 








Group 1. Group 2. | Litter 1. , sitter 
No choline | Choline | No choline No choline Choline 
wks. gm. gm. gm. gm. gm. 
1 5 | 3 4 
2 | | Bie a 7 
3 4 | 9 7 
4 12 18 6 10 13 
5 gi WOR ead ee. Aa hes... 19 
6 26 28 13 12 14 
7 17 20 4 9 | 13 
8 21 32 18 | 
9 27 9 14 
10 20 9 16 | 
11 21 15 
12 | 11 | 13 
DISCUSSION 


In spite of the well known action of choline in preventing kidney 
lesions in rats, it does not appear that the missing agent in the 
pathological animals is choline itself. Nor does the essential com- 
pound appear to be methionine, for in our experiments choline 
completely prevented hemorrhagic kidneys on a diet containing 
amounts of methionine insufficient for growth, and furthermore 
homocystine, which yields methionine on methylation, is reported 


? Both in the presence and absence of choline, rats of both generations 
developed a condition of ‘‘spectacle eye’’ (23), indicating that the original 
Jukes diet was probably not complete in all essential dietary factors. 
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to aggravate kidney hemorrhages (6). The essential compound 
most probably contains a labile methyl group. 

One possibility is that a particular choline complex is missing; 
another is that an oxidation product of choline might be involved. 
Indeed several observations (2, 6, 24, 25) can be rationalized if the 
assumption is made that methyl groups are released by an oxida- 
tion product rather than by choline itself. The physiological 
réle of choline oxidase has never been established, and it may be of 
significance that the highest concentrations of the enzyme are 
found in liver and kidney (26), the two tissues which show the 
most obvious sensitivity to choline deficiency. The enzyme is 
markedly inhibited in vitro by stearic acid (27). Since fatty 
livers not only accompany hemorrhagic kidneys but definitely 
precede them (10), an observation which we have been able to 
confirm, it is not unreasonable to postulate a connection between 
the abnormalities in the two organs. Thus the development of 
kidney lesions might be pictured as follows: From the 20th to 
the 33rd day of life, a large amount of choline is needed by the rat 
for structural and lipotropic purposes, and there is also a need for 
other methylated essentials. In the absence of an adequate 
supply of methyl groups, the amount of choline synthesized is 
insufficient for normal fat transport, and hence fat accumulates 
in the liver. The presence of this extra fat inhibits choline oxi- 
dase, so that the methyl groups in the choline become less available 
for methylation purposes owing to a failure in the necessary pre- 
liminary oxidation mechanism. Thus a deficiency in other 
methyl-containing compounds results, including the unknown 
needed for the maintenance of normal kidney structure. 


SUMMARY 


The choline content of rats with symptoms of “choline defi- 
ciency’? was not reduced but was slightly greater than normal. 
Hemorrhagic kidneys contained somewhat more choline than 
normal kidneys. No sex difference was observed in the choline 
content of young rats. Moreover, choline synthesis appeared to 
proceed normally during the critical period when deficiency symp- 
toms develop. It is concluded that symptoms of “choline defi- 
ciency”’ are due to the lack of a methyl-containing essential other 
than choline itself. 

The choline content of rats remained essentially normal on diets 
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low in “labile methyl,” diets low in fat, or diets containing sodium 
selenite. Young rats on a diet low in methionine declined in 
weight but nevertheless developed kidney hemorrhage which 
could be prevented by choline. Rats grew to maturity and repro- 
duced on a synthetic diet free of choline. 


13. 
14. 
15. 
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Nutritional microcytic anemia in puppies was first reported by 
Fouts et al. (1) on a synthetic ration low in pyridoxine. The 
anemia was curable by concentrates and later by crystalline pyri- 
doxine (2). These authors showed that adult dogs placed on such 
a ration also developed the condition (3). These results have 
been confirmed in the authors’ laboratory (4) and further studies 
have been conducted by Borson and Mettier (5). 

In connection with our studies on blood formation in dogs we 
became interested in the metabolism of iron and copper in an 
anemia due entirely to deficiency of an organic factor. We have 
therefore undertaken a study of the plasma iron and total blood 
copper levels of the blood of pyridoxine-deficient dogs during both 
the anemia and the remission. Previous experience in our labora- 
tory and in other laboratories with this anemia had indicated 
that perhaps other factors were involved in blood formation, 
since slow incomplete remissions had been frequently observed. 
It was thought that this experiment might throw some light on 
the nature of such a factor. 


EXPERIMENTAL 


Five mongrel puppies from four different litters and two adult 
dogs from different litters were used in these experiments. They 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. This work was supported in part by a grant 
from the Wisconsin Alumni Research Foundation. We are indebted to the 
Works Progress Administration for assistance in the care of the animals 
and to Merck and Company, Inc., Rahway, New Jersey, for generous sup- 
plies of thiamine, riboflavin, nicotinic acid, pyridoxine, pantothenic acid, 


and choline. 
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were placed on a highly purified ration which we have used 
extensively in our vitamin B complex studies with dogs (4). 
It has the following per cent composition: sucrose 63, purified 
casein 19, cottonseed oil 8, cod liver oil 3, Salts 3! 4, liver extract 
fraction 3. 

The liver extract used was Fraction B of The Wilson Labora- 
tories containing about 25 y of pyridoxine per gm. This fraction 
was treated once with English fullers’ earth to lower its pyridoxine 
content. The ration was supplemented with 100 y per kilo of 
body weight per day of thiamine and riboflavin, 2 mg. per kilo of 
nicotinic acid, and 400 y of calcium pantothenate per kilo per day. 
These vitamins were administered orally in aqueous solution 
twice weekly. Later on, when the importance of choline was 
recognized (7), this was included at a level of 50 mg. per kilo 
per day. 

Since the microcytic anemia is characteristic of chronic pyri- 
doxine deficiency, it was frequently necessary to prevent the 
onset of the acute deficiency by administration of small quantities 
of crystalline vitamin Bs. This procedure was, however, unneces- 
sary after the first 2 months. Blood samples were collected 
usually at weekly intervals from the radial vein. Hemoglobin 
determinations were done in duplicate according to the method of 
Evelyn (8); hematocrit readings were obtained with Wintrobe 
tubes. Plasma iron determinations were made on filtrates of 
blood plasma from a hot trichloroacetic acid precipitation. The 
filtrates were treated with thioglycolic acid and the ferrous iron 
then reacted with a,a’-dipyridyl (pH 5.4). The resulting color 
was then determined on the Evelyn photoelectric colorimeter. 
This method is to be published in detail in the near future. Blood 
copper determinations were made on a low temperature ash 
425°) of the dried blood in vitreosil dishes. The copper in the 
ash was determined by the diethyldithio carbamate method of 
Coulson (9). Amyl alcohol was used for the color extraction 
and the extracts were filtered through No. 40 quantitative filter 
paper to remove all traces of water. 12 gm. of blood were used 
for each determination and two recovery samples were used in 
each set of determinations. Recoveries ranged from 76 to 100 


1 Salts 3 is the same as Salts 1 (6) with an additional 1.21 gm. of MnSQ,-- 
4H,0 per kilo of salt mixture. 


























TaBLeE I 


Blood Chemical and Hematological Data from Five Dogs on 
Pyridozine-Deficient Ration 







































































Mean 
ume 
[k gm. per |méllions . yper | yper 
0 | Per cont - cent eine. al cent cent 
184 | 36 | 3.45 | 10.06 | 34.5 | 6.42 | 54 | 0.292 
83} 6.1 | 9.34/| 19.2} 31 5.67 | 54.5 | 0.301) 106 
124 | 6.0 7.43 | —3.2 24.5 | 5.26 | 46.5 | 0.303) 304 49 
134 | 5.7 | 6.59 | —2.6 | 24 5.29 | 45.5 | 0.274) 271 164 
Started 100 y pyridoxine hydrochloride per kilo per day 
151 | 7.2 9.96 | 32.4 | 34 5.42 | 63 0.293) 111 | 122 
166 | 7.75 | 9.34| 6.5 | 32.5 | 4.82 | 67.5 | 0.287) 122 | 106 
Started 250 mg. inositol per day 
190 | 8.3 | 10.12| 15.9| 35 | 5.19 | 67.5 | 0.290) 228 
Started 6% liver extract powder 
224 | 10.0 13.69 | 51.9 | 43.5 | 6.66 | 65.5 | 0.315) 94 
190 33 | 7.15 | 11.37 | 38 6.66 | 57 0.299 
79 | 10.35 | 7.04 | —2.9 | 22.5 | 4.51 | 50 0.313) 230 
106 | 10.05 | 4.08 |—18.6 | 16.5 | 3.28 | 50.5 | 0.248) 356 80 
Started 100 y pyridoxine hydrochloride per kilo per day 
113 | 11.60 | 9.26 | 54.6 | 34.5 | 5.46 | 63 0.268) 85 | 146 
139 | 14.00 | 10.85 | 47.5 | 34.5 | 5.86 | 58.5 | 0.317) 76 | 120 
| Started 8% whole liver substance 
| 188 | 15.20 | 11.55 | 29.3 | 37 | 5.65 | 65.5 / 0.312) 97 | 115 
| Started 8% rice bran extract 
| 220 | 15.65 | 12.56 | 27.2 | 38.5 | 6.18 | 62.5 | 0.326) 90 | 206 
| Started 6% liver Fraction D 
| 234 (15.90 | 13.34 | 17.3 | 43 7.16 | 60 0.311; 79 | 144 
191 | 33 | 5.35 | 11.28 37.5 | 5.53 | 68 0.301 
65 | 8.15 | 10.58 | 24.4 | 33 7.16 | 46 0.321) 161 
85 | 9.50| 9.47 7.0 | 30.5 | 6.37 | 48 0.311} 234 
96 | 9.85 | 9.34 6.3 | 31 6.91 | 45 0.301; 157 158 
122 {10.20 | 6.24 |—17.3 | 21.5 | 5.27 | 41 | 0.290) 360 
134 (10.23 | 5.23 | —7.0 | 18.5 | 4.33 | 42.5 | 0.283) 398 89 
Started 100 y pyridoxine hydrochloride per kilo per day 
142 | 11.20 | 10.12 | 49.9 | 35 6.72 | 51.5 | 0.292} 77 | 125 
150 | 12.00 | 9.47 4.1 | 36 6.53 | 55 0.263; 63 | 123 
159 | 13.10 | 10.93 | 27.4 | 35 5.62 | 62.5 | 0.313) 85 102 
171 | 12.90 | 11.67 9.9 | 36.5 | 6.41 | 57 0.320; 93 
187 | 13.50 | 11.28 8.5 | 38 6.87 | 55.5 | 0.297; 88 | 134 
196 | 13.95 | 11.71 13.6 | 37 6.58 | 56 0.317) 58 
205 | 13.90 | 11.98 4.4 | 36.5 | 6.35 | 57.5 | 0.328) 73 
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TaBLe I—Concluded 





| Mean . 
Hemo- Red | Satu- | p 
Dog | Day | Weight Hemo- globin Hema- blood | - | ration Plas- | Blood 


No. globin change tocrit eal vol- | index® | ™ Fe Cu 
| ume | 
millions 
gm. Y per Y per 
| kg. per cent -. cent e on a cent cent 


| Started 6% liver extract Fraction D 
219 | 14.20 | 13.17 | 21.2 | 39.5 6.31 | 62.5 | 0.334, 89 


99 | 90| 7.80) 6.91 23.5 | 4.01 | 58.5 | 0.294) 366 
120 | 7.40! 5.81 | —6.8 | 21.5 | 4.31 | 50 | 0.270) 245 | 84 
144/| 7.60| 4.62| —4.3|17 | 3.81 | 44.5/| 0.272) 382 | 84 
Started 100 y pyridoxine hydrochloride per kilo per day 
162| 8.30! 9.65| 39.7| 34 | 5.66| 60 | 0.284) 154 | 114 
186 | 8.00 | 10.97 | 13.4 | 37.5 | 6.51 | 57.5 | 0.292) 108 | 
Started 500 y cobalt per day 
(202 | 8.00 | 11.83 | 11.5! 36.5 | 6.20| 59 | 0.325 108 
Started 8% yeast 
218 | 7.95 | 11.37 0.5 37 6.30 | 59 | 0.308 89 116 
Started 5% Pb and Hg filtrate of liver Fraction D 
245 | 7.75 | 12.17| 8.9 | 38.5 | 6.27 | 61.5 0.316) 114 | 131 
| 
208 | 106 | 6.2 | 6.48 23.5 | 5.17 | 45.5 | 0.276) 200 | 109 
| Started 100y pyridoxine hydrochloride per kilo body weight per day 
113 | 7.25! 9.92| 27.4] 35 | 6.69 | 52.5 | 0.283! 206 
125; 8.2 | 9.84| 8.8 | 32.5 | 5.08 | 64 | 0.303) 88 





Increased calcium pantothenate to 1.1 mg. per kilo body weight 
per day 

139 | 9.48| 9.96] 12.9] 32 | 5.15] 62 | 0.311! 150 | 

Started 6% liver Fraction D on ration 

152 | 11.3 | 11.21 | 27.7 | 38.3 | 5.19 | 74 0.293) 115 | 121 

169 | 12.15 | 12.14 | 22.9| 38 | 5.44 | 70 | 0.320 139 


* Measured in gm. of Hb per ce. of packed cells. 


per cent. Since rather large quantities of blood were required for 
the copper determinations, they were not carried out routinely 
but at chosen intervals. 

The results so obtained from Dogs 99, 190, 184, 191, and 208 
are given in Table I; those from Dog 182 are shown in Fig. 1. 
For the sake of brevity many of the data from the dogs have been 
omitted except in the case of Dog 191 for which results are pre- 
sented in some detail. In evaluation of the hemoglobin response 
to the various supplements it was necessary to minimize errors 
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arising from fluctuations in weight. Assuming 8 per cent of body 
weight as blood, the total body hemoglobin was calculated from 
the hemoglobin level of the blood. These values, together with 
the known amount of hemoglobin removed as the analysis sample, 
permitted the calculation of body “hemoglobin change” given in 
Table I. The figures given are for the period from the previous 
to the present analysis. 
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Fic. 1. Blood changes in Dog 182 following supplementation of the basal 
pyridoxine-deficient ration with 100 y of pyridoxine hydrochloride per kilo 
of body weight per day and 3 per cent liver extract powder. Therapy was 
initiated at the point indicated by the arrow. 


The dogs all developed the characteristic deficiency anemia 
within 33 to 44 months. The two adult dogs (Nos. 99 and 110) 
were bled while on the deficient ration in order to hasten the 
deficiency. Only data from Dog 99 will be reported in this 
paper. The blood hemoglobin, hematocrit, red cell count, and 
mean cell volume values in the anemic dogs were comparable in all 
respects to those reported by other investigators. The addition 
of 100 y per kilo of body weight per day of pyridoxine hydro- 
chloride resulted in an immediate and rapid generation of red 
blood cells. However, after a hemoglobin level of 10 to 11 gm. 
per cent was reached, there were no further appreciable increases 
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in the hemoglobin, hematocrit, and red cell count. The plasma 
iron level, abnormally high during the anemia, fell to a low normal 
level. In contrast to this picture Dog 182 was given 3 per cent 
liver extract powder 1:20 (The Wilson Laboratories) in place of 
the basal liver fraction at the time when the pyridoxine therapy 
was started. The blood values in this dog rose steadily to ap- 
proach normal figures. 

Other supplements were tried on the rest of the dogs in an at- 
tempt to stimulate blood formation to more normal hemoglobin 
levels. From the results it can be seen that the response to all 
of these supplements was much less than to the original administra- 
tion of pyridoxine. Of the supplements tried, liver extracts 
seemed to be the most effective but relatively high levels were 
used and several weeks were necessary to produce normal values. 
In single trials rice bran extract (vitab, Type II)* and yeast 
(Northwestern) seemed less effective, as did inositol and cobalt. 


DISCUSSION 


Failure to demonstrate a complete remission from the anemia 
due to pyridoxine deficiency has been observed by Borson and 
Mettier (5) when pyridoxine was added to a ration of this type. 
Fouts et al. (1-3) found rapid and complete remissions in nearly 
all their dogs when pyridoxine was added to their ration. The 
differences in the vitamin B complex sources used must be ad- 
vanced as the probable explanation for these differences in re- 
sponse. Since the former authors found that their fullers’ earth 
filtrate of liver extract would promote further blood formation if 
included in the ration at higher levels, they suggested that the 
“filtrate factor’? was also involved in blood formation. The 
identity of this filtrate factor could not be surmised from their 
studies. Our results obtained with Dog 208 would seem to 
indicate that this factor is neither pantothenic acid nor choline. 
After the plateau in the blood hemoglobin level was reached, 
synthetic calcium pantothenate was added to the diet to in- 
crease the daily intake to 1100 y per kilo per day over the period of 
treatment. The failure to respond to this and the subsequent 
response to liver extract Fraction D (The Wilson Laboratories) 
indicates that another substance is involved. 


* Kindly furnished us by the National Oil Products Company, Harrison, 
New Jersey. 
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The failure of Dog 99 to respond to the lead and mercury 
filtrate fraction of Fraction D may be insignificant in the 
light of the necropsy performed immediately after the completion 
of the experiment. The animal appeared normal except for a 
greatly enlarged spleen which weighed 82 gm. when first removed 
and measured 8} inches in length. Considering the size of the 
animal, it would seem to be from 4 to 8 times the normal size. 
The condition of this organ which is so intimately concerned with 
the regulation of certain elements of the blood is interesting in 
view of the long history of experimental anemia in this animal. 

The iron levels in blood plasma progressively increase as the 
anemia becomes more severe. The extremely high values of 398, 
310, 356, 304, 382, and 310 y per cent of plasma obtained with six 
of the seven dogs in this study compare favorably with the value 
of 476 y found by Fouts et al. (3). The high level of iron in the 
plasma suggests an attempt by the organism to mobilize those 
materials necessary for blood formation that they may be avail- 
able to the hematopoietic tissues. It is evident that vitamin Bg 
deficiency does not impair absorption of iron from the intestine 
nor would it appear to interfere with the mobilization of iron. 
During the remission from the extreme anemia of pyridoxine 
deficiency and the subsequent slowing of blood formation, the 
plasma iron drops to a low normal level. These levels are com- 
parable to those observed in our hemorrhagic anemia studies (10) 
in which a mineralized milk ration was used. In the latter studies, 
however, remission from the anemia was always accompanied by 
striking increases in the plasma iron level, while this was not 
observed with liver therapy in these dogs. Nevertheless, it is 
more than possible that the rise afforded by liver extract in both 
these studies is due to the same hematopoietic stimulant. 

The blood copper levels did not follow as consistent a pattern 
as did the plasma iron. In general, the severely anemic dogs had 
a blood copper level of 80 to 100 y per cent which rose slightly 
to 100 to 140 y per cent after treatment with pyridoxine. The 
levels of blood copper in the anemic animals are therefore of a 
low normal magnitude and thus pyridoxine deficiency would not 
appear to interfere with the absorption or metabolism of copper. 
It is interesting that, unlike iron, copper does not appear to be 
mobilized in the blood of the severely anemic animal. 

The blood plasmas of Dogs 99 and 110 showed no detectable 
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bilirubin either during the anemia or after pyridoxine was ad- 
ministered. Bilirubin was determined by the method of Malloy 
and Evelyn (11) but the determination was not applied to the 
plasmas of the younger dogs. 


SUMMARY 


1. The blood plasma iron is abnormally high in anemia due to 
pyridoxine deficiency in dogs. It drops to a low normal level 
during the remission with pyridoxine therapy. 

2. Total blood copper values are at a low normal level during the 
anemia and increase to normal during pyridoxine therapy. 

3. Following the immediate stimulation in blood formation 
afforded by pyridoxine therapy, there is a lag which may be 
overcome by addition of liver extract to the ration. This stimula- 
tion is apparently not due to thiamine, riboflavin, nicotinic acid, 
pantothenic acid, or choline. 
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(Received for publication, October 1, 1941) 


Thus far none of the enzymes which reduce cytochrome c has 
been isolated from animal tissues. Nevertheless the belief is held 
that coenzymes I and II are linked to cytochrome by flavopro- 
teins (1, 2) and it has been suggested by Potter (1, 3) that succinic 
dehydrogenase may be an analogous enzyme. The recent demon- 
strations by Axelrod and coworkers (4, 5) that the concentrations 
of the flavoproteins, d-amino acid oxidase and xanthine oxidase, 
are decreased in the tissues of riboflavin-deficient rats suggested 
testing the hypothesis that succinic dehydrogenase is a flavo- 
protein by studying the concentration of this enzyme under con- 
ditions similar to those previously employed (4, 5). A positive 
result, while not establishing the point, would constitute prima 
jacie evidence that the enzyme is a flavoprotein, and would at the 
same time give added significance to the dietary réle of riboflavin, 
since the oxidation of succinic acid is believed to be an essential 
step in normal carbohydrate metabolism. 


EXPERIMENTAL 


Weanling male, albino rats were placed on an experimental diet 
which was designed to produce an uncomplicated riboflavin defi- 
ciency.! The ration was fed ad libitum unless designated other- 
wise.” 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. These studies were aided in part by a grant 
from The Rockefeller Foundation. 

+t Jonathan Bowman Cancer Research Fellow. 

1 The composition of the diet (designated as Ration B) and the general 
behavior of the rats are fully described in a previous publication (4). 

2 We are indebted to Merck and Company, Inc., Rahway, New Jersey, 
for generous supplies of thiamine, pyridoxine, riboflavin, pantothenic acid, 
choline, and nicotinic acid, and to the Abbott Laboratories, North Chicago, 
Illinois, for the haliver oil used in the present study. 
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After a depletion period of 10 weeks, fifteen of the rats were 
sacrificed for the succinoxidase determinations, while the re- 
mainder were grouped as indicated in Table I and riboflavin 
therapy was instituted. These rats were sacrificed at the comple- 
tion of their respective periods of therapy. 

The succinoxidase content of the tissues was determined accord- 
ing to the method of Potter (3) with the following modifications: 
(a) heart and thigh muscles were minced in an apparatus described 
by Seevers and Shideman (6) previous to homogenization; (5) 


TABLE I 


Effect of Riboflavin Deficiency upon Succinoridase Content of Rat Tissues 





S$ No | Succinoxidase activityt 
3 on Riboflavin* therapy | sili Kidney | Heart | Thigh . 
3 | Liver cortex Brain | muscle muscle 
I| 15| None 64 9 | 32 | 137 | 25 
(54— 75)| (86-122) (18-41)/ (119-163)) (22-33) 
II | 5) 100 y daily, 12 days 79 113 35 158 35 
| (75- 82) (104-132) (31-40) (135-178) (26-39) 
III | 10) 100 y daily, 12 days 95 104 33 150 30 
(80-112), (76-118))| (20-38) | (136-172) | (22-36) 
IV | 3 20 mg. per kilo body 94 115 29 130 27 
| weight, 3 days (80-106) (113-118) (25-35) (106-144) (24-30) 


* After riboflavin therapy was begun, the food intake of each of the rats 
in Groups III and IV was restricted to 4 gm. of basal ration per day, which 
is the average daily food consumption by rats in the basal group. Therapy 
was administered orally to animals in Groups II and III and by subeutane- 
ous injection to those in Group IV. 

t The results are reported in terms of the Qo,; i.¢e., the oxygen uptake 
per mg. of dry tissue per hour. The range of values is given in parentheses. 


the reaction was carried out at 38°; (c) 20 y of calcium (as calcium 
chloride) were added to each flask. The addition of calcium was 
considered necessary, since Axelrod, Swingle, and Elvehjem (7) 
have demonstrated the marked stimulatory effect of calcium upon 
the succinoxidase activity of various tissues. 20 y of calcium 
produced the maximal effect in the tissues studied. As a routine 
procedure, the succinoxidase activity of each tissue was deter- 
mined at levels of 2 and 3 X 10-* mole of added cytochrome c. 
Since the plateau level was reached at a cytochrome c concentra- 
tion of 2 X 10-* mole per flask, the two determinations served as 
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duplicates. In the case of heart and thigh muscles the maximal 
Qo, values were realized when the succinate was added from a 
Keilin cup at the completion of the equilibration period. 


Results 


The results obtained are summarized in Table I. It is apparent 
that significant changes in the succinoxidase content are observed 
only in the liver. In that tissue, supplementation of the diet with 
riboflavin results in a marked increase in the succinoxidase activity. 
This increase is most evident in those rats whose food intake is 
restricted to that of the basal group. Similar results, i.e. the 
marked influence of food restriction upon the restoration of enzyme 
content following vitamin therapy, have been previously noted 
(4, 5). 

The data presented indicate clearly that one or more components 
of the succinoxidase system of rat liver are affected by the dietary 
intake of riboflavin. Such results are offered only as indirect 
evidence in support of the thesis that succinic dehydrogenase is a 
flavoprotein. The final proof that riboflavin enters into the struc- 
ture of any of the components of the succinoxidase system must 
await the isolation in pure state of such components. 


SUMMARY 


1. The effect of a riboflavin deficiency in the rat upon the suc- 
cinoxidase content of various tissues was studied. 

2. The dietary intake of riboflavin was found to have a definite 
effect upon the succinoxidase content of liver tissue. 

3. The results obtained were taken as prima facie evidence that 
one or more components of the succinoxidase system are flavo- 
proteins. 
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THE ISOLATION OF PROTOPORPHYRIN IX FROM FECES 
OF NORMAL AND ANEMIC RATS* 
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Considerable evidence has accumulated in recent years in- 
dicating that urinary and fecal excretion of porphyrins may in- 
crease during recovery from anemic conditions of varying etiology. 
Dobriner and Rhoads (1) have discussed this subject in a recent 
review on porphyrins. It appears that a failure of porphyrin 
synthesis has not been recognized as a cause of impaired hemo- 
globin formation. Several observations are recorded in the 
literature, however, which made it desirable to study this pos- 
sibility with rats suffering from nutritional anemia of iron de- 
ficiency and particularly of copper deficiency. Porphyrin com- 
pounds other than hemoglobin are affected by copper deficiency 
in rats. The activity of catalase (2), an iron-containing proto- 
porphyrin IX compound (3), is decreased in the liver and kidneys 
of anemic, copper-deficient rats. Similarly the intensity of the 
spectral bands of cytochrome a (4) and the activity of cytochrome 
c oxidase (5) are reduced in some tissues of copper-deficient rats. 
Metalloporphyrins are generally considered to be involved in the 
activity of both cytochrome c oxidase and cytochrome a. Thus 
it appeared possible that copper might be concerned with the 
formation of a structural unit common to these compounds; 
namely, the porphyrin or heme nucleus. In addition, Watson 
and Clarke (6) and others (7, 8) have shown that reticulocytes 


* This investigation was made possible by a research grant from the 
Buhl Foundation, Pittsburgh. 

Contribution No. 443 from the Department of Chemistry, University of 
Pittsburgh. 

Presented at the Hundredth meeting of the American Chemical Society 
at Detroit, Michigan, September, 1940. 
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contain larger amounts of protoporphyrin than erythrocytes; and 
a reticulocyte response and remission of copper-deficient rats is 
observed only following adequate copper therapy (9). These 
considerations prompted a study of porphyrin excretion by rats 
under conditions of iron and copper deficiency. 


EXPERIMENTAL 


The rats used in this work were kept on a milk diet, supple- 
mented with manganese and either iron or copper or both (5). 
They were housed in cages with raised screen bottoms. The feces 
were collected twice each day and transferred to wide mouthed 
brown bottles containing glacial acetic acid. Preliminary observa- 
tions indicated the presence of considerable amounts of porphyrin 
in the feces thus collected. Sufficient material was therefore ac- 
cumulated to permit isolation and identification of the principal 
porphyrin present in the feces. The starting material for the 
isolation experiments usually represented the fecal yield from 
about 1000 rat days. The method of isolation of a crystalline 
porphyrin ester followed essentially the established procedure 
outlined by Dobriner (10) with minor modifications. 

The ether extract of the feces containing the total porphyrins 
was washed with 1 per cent sodium acetate and then with water. 
The porphyrins were extracted from the ether with 5 per cent 
HCl and again taken up with ether after neutralization. This 
transfer was repeated twice. Without preliminary saponification 
the ether solution was extracted with 0.2 per cent HCl until the 
porphyrins of the coproporphyrin type were removed. Extraction 
of the ether with 5 per cent HCl removed all remaining porphy- 
rins. After repeated washing of the HCl extract with petroleum 
ether the protoporphyrin was extracted from the HCl solution 
with several portions of chloroform. The chloroform solution 
was diluted with 2 volumes of ether and the porphyrin extracted 
with 5 per cent HCl. The porphyrin was precipitated from 
solution by neutralization with sodium hydroxide and sodium 
acetate. The precipitate was collected on the centrifuge (ad- 
dition of about 1 ml. of chloroform facilitates this step; the chloro- 
form is then evaporated from the precipitate). The porphyrin 
was dried with a little methyl alcohol and esterified by refluxing 
for 30 minutes with methyl alcohol containing 2 per cent dry HCI. 
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The methyl ester was precipitated by neutralization with dilute 
ammonia, collected on the centrifuge, washed with water, and 
dried with methyl alcohol. Crystallization was brought about by 
gradual addition of methyl alcohol to a concentrated warm chloro- 
form solution of the methyl esther. After recrystallization from 
the same solvents and drying in vacuo at 60° the crystals melted 
at 221-223° (uncorrected). 

Crystalline protoporphyrin dimethyl ester was obtained with 
this procedure from the feces of copper-deficient, iron-deficient, 
and normal rats on a milk diet. The yield of crystalline material 
varied from about 20 to 40 mg. per 1000 rat days. 

The normal rats (fed Fe + Cu + Mn) were later transferred to 
a diet consisting of 18 per cent commercial casein, 68 per cent 
sucrose, 4 per cent salt mixture,' 10 per cent Crisco, and 80 y of 
thiamine per 100 gm. of ration. In addition the rats received 
daily an aqueous solution of 0.5 gm. of liver extract (Abbott). 
The liver extract must have been almost free from porphyrin 
because a 5 per cent HCl extract of the acetic acid-ether extract 
from 100 gm. of this liver powder failed to show a fluorescence 
under ultraviolet light. Collection of feces from these animals 
was not started until 4 weeks after the change of the diet. Crystal- 
line protoporphyrin dimethyl ester was again isolated from the 
feces of these rats. To obtain a crystalline product, however, it 
was necessary to saponify the crude porphyrins with 20 per cent 
NaOH (10). 

Identification of Isolated Product—The solubility and the 
melting point of the isolated material indicated its identity with 
protoporphyrin LX dimethyl ester. This was substantiated by 
the mixed melting point with protoporphyrin IX dimethyl ester 
prepared from blood hemin. The most satisfactory method for 
the latter preparation appears to be that of Fischer and Piitzer 
(11) in which pyridine hemochromogen is reduced with hydrazine 
and decomposed with concentrated HCl. 

Reduction of protoporphyrin IX to mesoporphyrin IX is some- 
times used for the purpose of identification. This reaction appears 
to involve large losses of porphyrin unless special precautions are 
taken. The following procedure was found to be quite satis- 


! Kline, O. L., Bird, H. R., Elvehjem, C. A., and Hart, E. B., J. Nutri- 
tion, 11, 515 (1936). 
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factory: to 10 mg. of protoporphyrin dimethyl ester are added 100 
mg. of ascorbic acid and 2 ml. of glacial acetic acid; 0.3 ml. of HI 
(sp. gr. 1.94, prepared conveniently from iodine and tetralin (12)) 
is then added and the mixture is boiled for 45 seconds. After 
cooling rapidly the solution is transferred into 50 ml. of ether and 
extracted twice with 15 ml. of an aqueous solution of 10 per cent 
sodium acetate and 3 per cent sodium sulfite. The ether solution 
is then washed with water and the mesoporphyrin is extracted 
with 5 per cent HCl. The extract is neutralized with sodium 
hydroxide and sodium acetate and the porphyrin is extracted with 


TABLE [| 
Identification of Protoporphyrin 1X 


M. p. M. p. (mixed) 
*C. *C. 
Protoporphyrin me whys ester from hemin 221-223 as 
ee " ‘feces 221-223 = 
Mesoporphyrin = “4 * hemin 214 ‘ 
o o; ™ ‘* feces 214 =e 
Absorbtion spectra; position 
of maxima in dioxane 
mp my my my 
Protoporphyrin methyl ester from hemin 630 | 575 | 538 | 504 
- > ” ** feces 630 | 575 | 538 | 504 
“ IX dimethyl ester (13) 630 | 575 | 537 | 503 
Mesoporphy rin methyl ester from hemin 620 | 565 | 528 | 495 
_ : “« feces 620 | 567 | 529 | 495 
F IX dimethyl] ester (14)..... 620 | 567 | 528 | 496 


ether containing acetic acid. From the ether solution the por- 
phyrin is extracted with 2.5 per cent HCl. The HCl solution is 
then washed with a mixture of 2 parts of ether and | part of 
chloroform. The porphyrin is precipitated from the acid solution 
with NaOH and collected on the centrifuge. After being washed 
with water it is esterified and the ester is separated and crystal- 
lized as in the case of protoporphyrin dimethyl ester. The yield 
by this procedure is 35 to 40 per cent. It could probably be 
improved by modifying the conditions of the reduction. 

Table I summarizes the data which permit the conclusion that 
the porphyrin isolated was protoporphyrin IX. The absorbtion 
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spectra agree with those reported by Stern and Wenderlein (13, 
14). Aside from protoporphyrin IX the feces also contained small 
amounts of other porphyrins. It was always possible to separate 
from the crude mixture of porphyrins a small fraction that was 
soluble in 0.2 per cent HCl; in one case there was isolated from 
this fraction 0.7 mg. of a crystalline methyl ester, m.p. 238-240°, 
probably coproporphyrin I. Coproporphyrin III also appeared 
to be present but it was not isolated. The crude porphyrins 
included a small fraction which was not extracted from ether 
by 0.2 per cent HCl or from 5 per cent HCl by chloroform. These 
fractions were not further investigated, however. 

The possibility of urinary excretion of porphyrins was also 
considered. Urine from copper-deficient rats was collected in the 
following manner: The cages were underlaid with filter paper to soak 
up the urine. After removal of the feces and contaminated spots 
the filter paper was stored in glacial acetic acid. Periodically the 
acid was filtered with suction and used again for extraction and 
storage of the collections. Thus the urine from 1000 rat days 
was concentrated. After dilution and extraction with ether, 
neither a 5 per cent HCI extract of the ether solution nor the ether 
showed any fluorescence in ultraviolet light. The collected 
urine evidently did not contain more than traces of porphyrin. 


DISCUSSION 


The presence of porphyrin in the feces of rats has not been 
studied extensively. Hughes and Latner (15) observed relatively 
large amounts of porphyrin. Lemberg et al. (16) state in a foot- 
note that “rats’ feces contained a* remarkably large amount of 
porphyrins, which consisted of protoporphyrin (predominant), 
of coproporphyrin and of deuteroporphyrin.” Rimington and 
Hemmings (17) isolated the methyl esters of coproporphyrins I 
and III and the methy] ester of mesoporphyrin IX (after reduction 
of the protoporphyrin fraction) from the feces of rats on a diet 
containing 5 per cent of yeast. From the urine of the same 
animals they isolated the methyl ester of coproporphyrin III. 
The daily total porphyrin excretion of their rats was about 4 v 
in the urine and about 80 7 in the feces. Thomas (18) reported 
daily excretion of about 100 y of total porphyrin in the urine and 
feces of rats on a diet of milk and bread. However, he did not 
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characterize the type of porphyrin excreted. Under the con- 
ditions of the experiments recorded here protoporphyrin LX was 
the predominant porphyrin in the feces. The isolation of as much 
as 43 mg. of crystalline protoporphyrin dimethyl ester from 
the feces representing 1000 rat days indicates that the daily 
excretion was of about the same magnitude as that recorded by 
Rimington and Hemmings and by Thomas. 

In this study the purification and isolation in pure form of 
the predominant fecal porphyrin were stressed. Such a pro- 
cedure is naturally not quantitative. Conclusions regarding the 
amounts of protoporphyrin present in the feces of the rats on 
different diets would therefore be hazardous. A study of the 
quantitative aspects of this problem, particularly under different 
conditions of hematopoietic activity, is highly desirable and 
should be feasible in view of the relatively large amounts of 
porphyrin present in the feces. 

The origin of the isolated porphyrin is not clear, but several 
possibilities must be considered: (a) exogenous origin, (b) endog- 
enous origin, and (c) synthesis by microorganisms in the fecal 
material before collection and storage. No decision can be made 
on the basis of available information, however. Kammerer and 
Giirsching (19) appear to have made the only observations on the 
presence of porphyrin in cow’s milk. While the quantitative 
relations are not clear from their data, they observed weak lines 
of the fluorescent spectrum of coproporphyrin in two samples of 
raw milk. The intensity of the lines indicated the presence of 
not more than 1 y of coproporphyrin in their samples. The 
fluorescent spectrum of protoporphyrin was not observed. It 
appears quite certain, however, that the amount of porphyrin 
excreted by the rats used in this study far exceeded the amount 
that was present in the diet. 

Undoubtedly the rat can achieve the synthesis of protoporphyrin 
in the hematopoietic organs as well as in Harder’s glands (see 
(18)). Under conditions of accelerated hematopoiesis the hemo- 
globin formed corresponds to a synthesis of about 2 mg. of proto- 
porphyrin daily. In the normal course of events some proto- 
porphyrin may find its way into the intestine. If such is the 
source of the fecal protoporphyrin, it appears that even the 
severely anemic, copper-deficient rat can achieve the synthesis of 
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protoporphyrin. On the other hand, the possibility of bacterial 
synthesis of protoporphyrin in the intestine must be seriously 
considered. Kiammerer (20) first observed the formation of proto- 
porphyrin by the synergistic action of bacteria on blood. More 
recently Jakob (21) demonstrated the presence of protoporphyrin 
in pure cultures of intestinal bacteria on media containing blood. 
It must be noted, however, that the incubation period used by 
Jakob was from 15 to 30 days and that the amounts of proto- 
porphyrin observed were too small to permit isolation of the 
pigment. He also noted the synthesis of coproporphyrins, 
especially of coproporphyrin III, by aerobic bacteria on media 
devoid of hematin compounds. Von Mallinckrodt-Haupt re- 
ported only the formation of coproporphyrin under similar con- 
ditions (22) (the original reference is not available). The oc- 
currence of fecal protoporphyrin has frequently been reported in 
humans with intestinal hemorrhage or following the ingestion of 
blood (see (23)). In the animals used in these experiments there 
was at no time evidence of hemorrhage, and hemoglobin deter- 
minations were purposely omitted. It appears rather unlikely, 
therefore, that blood pigment was the source of the protoprophyrin 
isolated. Its synthesis by the intestinal flora from other materials 
is quite possible, however, and the question of the origin of the 
fecal protoporphyrin must be left open. The isolation of proto- 
porphyrin [IX from the feces of both normal and copper-deficient 
rats indicates that either the animal or the intestinal flora can 
synthesize this pigment on a régime very low in copper. 


SUMMARY 


Protoporphyrin IX has been isolated from the feces of anemic 
copper-deficient rats, anemic iron-deficient rats, and normal 
rats on a milk diet. It has also been isolated from the feces of 
normal rats on a solid diet. 


Dr. C. J. Watson, University of Minnesota, has kindly con- 
firmed the melting points and absorbtion spectra of samples of 
fecal protoporphyrin and mesoporphyrin sent to him. His inter- 
est in this study is gratefully acknowledged. 

The spectroscopic examinations were made possible through 
the courtesy of Dr. M. E. Warga, Department of Physics, Uni- 
versity of Pittsburgh. 
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When copper is fed to an anemic, copper-deficient rat, its 
effects on the hematopoietic organs are quickly noticeable. Most 
striking is the immediate change of the cytochrome c oxidase of the 
bone marrow from a very low to a normal or even accentuated 
activity (1). This is followed by a rapid reticulocytosis and a 
more gradual increase of the erythrocyte count and of the hemo- 
globin content of the blood (2). The possibility of a local ac- 
cumulation of copper in the bone marrow, as suggested by Sarata 
(3), has been investigated with pigs but the analytical results 
have indicated that this does not occur to an appreciable extent 
(4). The amount of copper accumulated in the liver and the 
spleen under these conditions is also not very large. In two 
different laboratories it has been observed that the retention of 
copper during a period of copper therapy is very low even in 
severely depleted rats (5, 6). In view of the small quantities of 
copper involved and the limited amount of tissue obtainable 
from rats—the animal of choice for studies on nutritional anemia— 
present chemical methods of analysis were clearly not suitable for 
further pursuit of this problem. The development of the tracer 


* This investigation was made possible by a grant from the Buhl Founda- 
tion, Pittsburgh. 
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technique with radioactive elements opened a new approach. 
With this technique it should be possible to determine whether 
copper actually did enter those tissues in which the effects of copper 
therapy are so rapidly manifest. 

Several radioactive isotopes of copper have been described 
(see (7)). Only one, o2»Cu™, with a half life of 12.8 hours has 
properties suitable for physiological studies. Its successful use is 
governed by the following factors. (1) Copper, when fed to rats 
in large doses, is toxic. The amount given must be kept near the 
physiological limits usually employed. (2) The experiments must 
be limited to short periods in view of the short half life of radio- 
copper. (3) The material used must have a high radioactivity but 
a low content of total copper. (4) Chemical methods must 
permit a rapid and quantitative isolation and concentration of 
copper contained in the tissues. 

To satisfy the first and third criteria just enumerated it be- 
came evident that »Cu®™ prepared from 2sNi®™ (8) would be most 
suitable. Dr. Du Bridge and Dr. Van Voorhis of the Department 
of Physics of The University of Rochester kindly agreed to 
undertake the necessary bombardments. Targets of nickel 
weighing 200 to 250 mg. were bombarded with 6.7 m.e.v. protons 
for periods of 8 to 12 hours in the Rochester cyclotron. The 
copper content of the nickel was about 0.1 per cent, so that the 
whole sample generally contained not more than 0.2 to 0.3 mg. 
of copper. The radioactivity of these samples usually was of the 
order of 0.5 millicurie when they were used for feeding. Our 
requirements were therefore met in every respect by these prep- 
arations. 


EXPERIMENTAL 


Extraction and Concentration of Copper—The formation of a 
copper complex of diphenylthiocarbazone (dithizone) (9) provided 
a basis for the isolation and concentration of radioactive copper 
prior to feeding or counting. This method is rapid and simple. 
It permits the quantitative extraction of copper from acid solu- 
tions into known, small volumes of carbon tetrachloride which 
can be used directly for measurement of the radioactivity. The 
nickel targets (received from Rochester about 14 hours after 
conclusion of the bombardments) were dissolved with the aid of 
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hydrochloric and nitric acids. The solution was evaporated, 
diluted, and repeatedly extracted with a CCl, solution of dithizone 
(0.1 mg. of dithizone per ml. of CCl,) until the color of the reagent 
remained unchanged. The CCl, extract was evaporated to 
dryness and ashed with 0.2 ml. of concentrated H,SO, and a few 
drops of HsO,. The ash solution was diluted with 0.8 ml. of water. 
The acid was neutralized (phenol red) with redistilled ammonia 
and, after cooling, the volume of the solution was made up to 2.3 
to 2.5 ml. 1 ml. of this solution containing from 0.1 to 0.15 mg. 
of total Cu was fed to each of two rats; 0.1 ml. was diluted to an 
appropriate volume to serve as a standard for the radioactivity 
counts and for the determination of total copper by a photo- 
electric dithizone method.! 


TaBLe | 
Recovery of Radioactive Copper after Wet Ashing 


Each flask contained 3 ml. of a solution of radioactive copper, extracted 
with dithizone. To Flasks 3 and 4, 2 gm. of liver were added before ashing. 





Flask No. | 1 2 3 4 
Counts before ashing Se 320 314 309 306 
“« after » gee FE eS PO 325 318 306 303 





From most of the tissues with the exception of the carcass and 
the different parts of the intestinal tract the copper was isolated 
in a similar manner. The tissues were weighed, transferred to 
glass-stoppered digestion flasks of about 60 ml. capacity, and 
ashed with sulfuric and perchloric acids. After complete digestion 
the acid solution was diluted and neutralized to about pH 2, with 
patent blue V (10) as indicator. To this solution 3 ml. of dithizone 
solution in CCl, were added and the copper was extracted by 
mechanica® shaking for 15 minutes. The CCl, layer was used 
directly for measurement of the radioactivity. When a sample 
of radioactive copper was carried through this procedure either 
with or without added tissue, recovery was quantitative, as 
shown in Table I. 

By measuring the radioactivity of an aqueous solution before 
and after extraction with dithizone under different conditions the 


! Kuiken, K. A., Miller, J. A., and Schultze, M. O., unpublished data. 
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validity of this method could be checked. Copper dithizonate is a 
dissociable complex. When the acidity of the aqueous phase with 
which it is in contact is greater than pH 2.0, the complex begins to 
dissociate unless an excess of dithizone is present. With an 
excess of dithizone (about 20-fold) quantitative extraction can 
be achieved at pH 0.4 (Table II). Since an excess of dithizone 
did not affect the counts, a solution of dithizone containing 0.1 
mg. per ml. of CCl, was used (in a few cases 0.2 mg. per ml. 
of CCl,). 

The feces and two portions of the intestinal tract were also 
wet ashed. Because they contained considerable radioactivity, 
the ash solutions of these samples were diluted with water to a 


TaBLe II 
Effect of pH and Dithizone Concentration on Efficiency of Extraction of Copper 
All vessels contained 6 ml. of radioactive Cu. 


7.2 y dithizone per ml. CC | 1 7 dithizone per 


pH 0.20 | 080 | 1.00 | 1.50 | 0.40| 0.60! 0.91! 1.40 


Counts in 1.1 ml. aqueous 

















phase 
Before extraction 1357 |1462 |1357 [1462 | 290| 290) 290} 290 
After extraction ..| 832 | 397 92 13 | 290) 288) 292) 290 
% extracted.................| 88.7] 78.9] 93.2} 99.1] 100) 100) 100! 100 


definite volume and used directly for counting. The same applies 
to the carcasses which were dry ashed. 

Counting of Radioactivity—The decay of oCu®™ yields positive 
and negative electrons of sufficient energy to permit their detection 
in a thin walled dipping counter (11). The instrument used was 
arranged so that the liquid in a cup could be raised over the 
counter. Samples with a relatively strong vadioacWvity were 
counted for a period of 4 minutes, weaker samples for longer 
periods. The accuracy of the counts varied with the radioactivity 
of the samples. The background counts were reproducible with 
a probable error of +5 per cent. In stronger samples the ac- 
curacy was greater. Thus the mean probable error of the samples 
illustrated in Fig. 1 was +0.8 per cent for Feces 654 and 2.5 per 
cent for Feces 464. Between counts of samples with considerable 
activity a background count was interposed to insure complete 
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removal of the previous sample from the instrument. In ad- 
dition, the radioactive copper standard was counted at intervals 
to check the decay curve of the sample and thus to assure its 
freedom from other radioactive isotopes. The decay curve of 
radioactive material recovered from the feces of several rats to 
which it was fed was also determined. The slope of the curve 
corresponds to a half life of 12.8 hours (Fig. 1). 

When counts are made in solutions of different electron densities, 
corrections for self-absorption by the solvent may be necessary. 
In the aqueous solutions used here no such corrections were found 
to be necessary (i.e., within the limits of the counting accuracy) 
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Fic. 1. Decay curves of radioactive copper. The count is plotted on a 
logarithmic scale. The slope of the lines corresponds to a half life of 12.8 
hours, and is superimposed satisfactorily on the experimental points. 


regardless of the salt concentration. In carbon tetrachloride 
solutions of copper dithizonate only 85 per cent of the correspond- 
ing activity in aqueous solution was registered in the counter. All 
counts made in carbon tetrachloride were therefore multiplied 
by 100/85. In view of the rapid decay of »Cu™, the results were 
calculated as the number of counts per minute at a given time 
of reference and the recoveries from the tissues were expressed in 
per cent of the number of counts fed. 

Animal Technique—Young rats were made deficient in iron or 
copper as usual on a milk diet (1). They were used for these 
experiments when a severe anemia developed (hemoglobin about 
3 gm. per 100 ml. of blood). Other observations have been 
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reported previously on rats which were in every respect com- 
parable to these as far as we know. For this reason the radio- 
active material was fed with a small amount of milk in preference 
to administration by stomach tube. The rats were fasted for 
14 to 16 hours before feeding to insure rapid consumption of the 
radioactive material. Afterwards milk was given ad libitum. 
During the therapeutic period the animals were kept in metab- 
olism cages over large funnels. Because of the anticipated 
high radioactivity of the feces, special care was taken to collect 
and separate them from the urine quantitatively. Even so, slight 
contamination of the urine with fecal material may not always 
have been avoided. The rats were killed after 24 or 48 hours of 
copper therapy. The blood was collected in oxalate, measured, 
centrifuged, and the cells were washed twice with isotonic salt 
solution. Plasma and cells were analyzed separately. The 
gastrointestinal tract was removed and the stomach, the small 
intestine, and the cecum plus large intestine were analyzed 
separately, including their contents. Bone marrow was obtained 
as indicated previously (1). The liver, kidneys, spleen, and 
any other tissues removed were weighed and analyzed separately. 
The remainder of the body, referred to as the carcass, was dried 
for 4 hours, then ashed in a muffle furnace at a temperature not 
exceeding 500°. 
DISCUSSION 

A summary of the results obtained is presented in Table III. 
The relatively small amount of copper retained is again strikingly 
illustrated by all of the animals. The magnitude of this retention 
by copper-deficient rats is of the same order as that observed 
previously over a period of 7 days (6). In iron-deficient rats 
(which have been fed copper at all times) it is even lower. This 
difference in absorption and retention between deficient and 
plethoric rats recalls the observations of Hahn et al. (12) and of 
Austoni and Greenberg (13) on the absorption of iron. As with 
iron the absorption of copper and its retention by the tissues appear 
to be governed in part by the amount of iron present in the tissues. 
The results obtained with different tissues merit brief comment. 

Blood—The per cent of copper recovered in the blood is cal- 
culated on the assumption that the blood volume is 7 per cent of 
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the body weight. Radioactivity was found in both plasma and 
blood cells. Of the radiocopper present in the whole blood the 
following was contributed by the plasma: in iron-deficient rats 
after 24 hours therapy, 68 per cent; after 48 hours, 61 per cent; 
in copper-deficient rats after 24 hours therapy, 75 per cent; 
after 48 hours, 49 per cent. 

It appears that the erythrocytes are permeable to copper and 
that during the second 48 hours there is a continued increase of 
copper in the erythrocytes. The actual amount of copper ac- 
cumulated in the blood during the periods studied is small, be- 
tween 10 and 20 y per 100 ml. of blood. Since no analyses are 


TaBe III 
Distribution of Copper Fed to Anemic Rats 
The results are expressed in per cent of the amount of copper fed (100 
to 150 mg. per rat). 














ies of deficiency. . ny sg .s Iron Cee Tron 
uration of therapy 24 hrs. | 24 hrs. 48 hrs. 48 hrs. 
No. of rats d 9 4 10 4 
per cent per cent per cent per cent 
Blood ..| 0.54 0.16 0.41 0.16 
Liver ...ssee-] 1.67 | 0.40 | 1.83] 0.84 
NE basa led yan eis 04 Lao 0.56 0.32 0.51 0.13 
Spleen...... + sins bagel oc Me 0.02 0.12 0.02 
Bone marrow ves a ih Veet 0.05 0.01 0.03 0.01 
Carcass.... * ees | 2.54 1.43 3.30 1.89 
Gastrointestinal tract + excreta ..| 70.00 | 74.93 | 72.53 | 83.89 
Retained 5.40 2.34 6.20 2.55 
Recovered Ve yn ee 75.40 | 77.27 | 78.73 | 86.44 





available on the total copper content of the blood of comparable 
rats, the present results cannot be compared with the observations 
made with pigs (4). 

Liver, Kidneys, and Spleen—Of the organs analyzed separately, 
the liver showed the greatest absolute retention of radioactive 
copper. Somewhat surprising was the appreciable localization 
of copper in the kidneys. In fact, per unit weight the kidneys 
contained more radioactive copper than any other organ analyzed. 
The relative copper retentions per gm. of tissue stand in the 
ratios of 1:0.5:0.3 for kidney, liver, and spleen, respectively, 
of rats on 24 hour copper therapy. In the same tissues of rats 
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on 48 hour copper therapy, the ratios are 1:0.7:0.3. Similarly 
in the iron-deficient rats the kidneys contained 2 to 3 times as 
much radioactive copper per gm. of tissue as the liver and spleen. 
Residual blood in these organs cannot be responsible for this 
relationship, because the blood in all cases contained less copper 
per gm. than the tissues. In iron-deficient rats Austoni and Green- 
berg found the highest specific accumulation of iron in the bone 
marrow, 24 hours after administration of the iron (13). 

Bone Marrow-—It is not possible to collect the bone marrow of 
rats quantitatively. From many observations we know that the 
bone marrow thus collected has a dry weight of about 35 mg. 
On this basis it is possible to compare roughly the entrance of 


TaBLe IV 
Distribution of Copper in Gastrointestinal Tract and Excreta 48 Hours after 
Feeding 100 to 150 Mg. of Cu 
The results are expressed in per cent of the amount of copper fed. 





10 copper-deficient | 6 iron-deficient 

rats rats 

per cent per cent 
Stomach swat 2.7 §.3 
Small intestine iy als 3.2 4.4 
Cecum + large intestine a 16.9 16.3 
24 hr. feces "Fey eee 25.0 26.0 
48 “ - _ "errr 22.7 27.9 

24 “ urine ' ae ~ 1.6 0.86 

48 ‘ ” —— Be is 0.43 0.53 





therapeutic copper into the bone marrow and into other organs. 
If in the copper-deficient rats after 24 hours of copper therapy 
0.05 per cent of the copper fed was present in 35 mg. of dry mar- 
row, this corresponds to about 1.5 per cent per gm. In the liver 
(75 per cent moisture) of the same animals the amount of copper 
retained is about 1.4 per cent per gm. of dry weight. The dep- 
osition of copper 24 hours following copper therapy appears 
therefore to be about of the same order of magnitude in the 
bone marrow and the liver. Although the amount of copper 
entering the bone marrow in 24 hours is less than 0.1 y, it is suf- 
ficient to elicit a great increase in cytochrome c oxidase activity 
and to initiate hematopoietic activity (1). 

Gastrointestinal Tract and Excreta—As shown in Table IV most 











M. O. Schultze and S. J. Simmons 105 


of the copper fed was recovered from the gastrointestinal tract 
and the excreta. More detailed analyses of this fraction were 
made with the rats on 48 hour experiments (Table IV). It is 
evident that the elimination of copper is quite rapid under the 
conditions of our experiments. A small fraction appears to be 
excreted through the kidneys, even in severely deficient rats. 
We do not wish to stress the accuracy of the figures for urinary 
excretion of copper because the danger of contamination with 
fecal material of high radioactivity must not be underestimated. 
The figures given should be regarded as maximum values. With 
respect to urinary excretion, copper behaves much like manga- 
nese (14) but unlike cobalt (15). 

The values given in Table III for the total recovery of ad- 
ministered copper appear quite low and we cannot offer a wholly 
satisfactory explanation. From three rats to which the copper 
was administered by stomach tube the average total recovery 
was 100.5 per cent (the figures from these animals have not been 
included in any of the tables). It appears therefore that the loss 
of radioactive copper did not occur in the analytical procedures 
used (see also Table 1). The copper not consumed by the rats 
was also determined by analysis of any residue left in the feed 
dishes. In most cases this was a very small fraction, the average of 
twenty-three analyses being 0.14 per cent. When it was larger, the 
results were corrected for it. It appears most likely that the loss 
was mechanical, some of the material being deposited by the 
animals on the cages. 

The experiments reported here confirm the earlier observations 
that only small amounts of copper are absorbed and retained by 
anemic rats. Although the retention by copper-deficient rats is 
greater than that by iron-deficient rats, it is still far below that 
observed when iron is administered to iron-deficient rats (13). 
The entrance of copper into the hematopoietic centers in amounts 
too small to permit detection by present chemical methods has, 
however, been demonstrated. The idea of the dependence of 
cytochrome c oxidase and hematopoietic activity of the bone 
marrow on the presence of copper is therefore fully reported. 


SUMMARY 


1. The radioactive isotope »Cu®™ is suitable for biological 
experiments. 
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2. Copper-deficient rats retained more of a single therapeutic 
dose of copper than did iron-deficient rats. In both types of 
animals only a small fraction of the copper fed was retained. 

3. The kidney, the liver, and the bone marrow show the highest 
relative retention of copper in 24 to 48 hours. 

4. The entrance of therapeutic copper into the bone marrow of 
copper-deficient rats has been demonstrated. 
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Recent studies of the effect of thiol compounds on various 
pituitary and related hormones have led to interesting results 
(1-4). When a method was described (1, 4) to free growth 
hormone of lactogenic, thyrotropic, and gonadotropic hormone 
contamination by the action of such reagents, preliminary studies 
of the unusual effect of thiols on the lactogenic hormone were 
reported. A more detailed study has now been carried out which 
has yielded results in general agreement with our first inter- 
pretation. 

Investigations of the effect of thiol compounds on gonadotropins 
(2, 3) have shown the inactivating reaction to proceed at so slow 
a rate that appreciable inactivation was observed under the 
standard conditions only above a certain protein concentration. 
Less concentrated solutions of gonadotropins could be inactivated 
if the reaction were permitted to proceed at higher temperature, 
or for longer periods of time. When lactogenic hormone was 
treated with thiol compounds, the concentration of both reactants 
was found to be of importance, not only in regard to the rate of 
the reaction, but also for the final result. Besides this, the 
nature of the thiol reagent proved to be another important factor. 
Both cysteine and thioglycolic acid transform the protein into a 
very insoluble state and thereby may lead to an inactivation of 


* Aided by grants from the Research Board of the University of Cali- 
fornia, from the Rockefeller Foundation, and from Parke, Davis and 
Company. Assistance was rendered by the Work Projects Administration, 
Official Project No. 65-1-08-62, Unit A5. 

t D. L. Meamber cooperated in the earlier part of this investigation. 
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hormone solutions, which is due only to the insolubility of the 
treated protein. This phenomenon will be referred to as “appar- 
ent inactivation.” Besides this, treatment of the protein with 
a very great excess of cysteine or much less of thioglycolic acid 
leads to “true inactivation” of the hormone, with or without 
formation of a precipitate. Thus, by varying the experimental 
conditions, one may produce either true inactivation without 
precipitation of the protein, or apparent inactivation through 
precipitation of the active protein, or precipitation of the in- 
activated protein, or, finally, no change in activity or physical 
state of the hormone. 


General Experimental Conditions 


Treatment with thiol compounds was always carried out in 
solutions buffered with phosphates at pH 7.8; when 6 to 8 m urea 
was used as a solvent, it also was made up in this buffer. Cysteine 
hydrochloride was used, neutralized by two-thirds the amount of 
sodium carbonate. Thioglycolic acid was generally neutralized 
with 5 N sodium hydroxide; sodium chloride was added to obtain 
solute concentrations with this reagent similar to those with 


cysteine. 


Experiments with Cysteine 


Solutions containing 0.02 per cent or less hormone together 
with a 40-fold amount of cysteine (hydrochloride) showed no 
appreciable loss of hormonal activity, even when kept for 2 
weeks at room temperature or for 48 hours at 37° (Table I; Table 
II, A, Experiments 1,2). On the other hand, solutions containing 
higher concentrations of either or both reactants showed varying 
degrees of inactivation, accompanied by precipitation of the 
protein. In a series of experiments the ratio of cysteine to pro- 
tein was kept constant (40:1), while the protein concentration 
was varied from 0.0075 to 0.2 per cent (Table I). It was observed 
that both the rate at which the turbidity and precipitation occurred 
and the amount of the precipitate increased with increasing 
protein concentration. The maximum of 90 per cent precipitation 
was reached rapidly with a hormonal concentration of 0.1 per cent. 
When these solutions or suspensions of lactogenic hormone treated 
with cysteine at various protein concentrations were assayed for 
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their biological activity, this was found to be proportional to the 
amount of unprecipitated protein remaining in solution. Thus, 
as previously stated, solutions of no more than 0.02 per cent 


TaBLe [ 


Treatment of Lactogenic Hormone with 40-Fold Amount of Cysteine; Effect of 
Hormone Concentration 





Assays in squabst 

















Concentra- 
tion of | Observations during Protein in Fraction 
lactogenic reaction* solution injected Total ; 
hormone | | dono Crop reaction 
per cent | per cent | mg 
0.0075t | Clear solution | 100 | Solution 0.2 > +,+,+ 
0.0113 | “ | 100 . 0.45 | 2+, 2+, + 
0.0225 | Turbidsolution; | 100 " 0.3 | +,+,+ 
no ppt. forms | 
0.0225 | = - | 100 <n 0.9 | 2+, 2+, + 
0.035t | Ppt. forms within) 55 Supernatant) 0.4 | 3+, +, -— 
| 12 hrs. | 
0.045 Ppt. forms within) Not deter- | Suspension | 1.8 | 2+, 2+, + 
1 hr. | mined 
0.05 Ppt. forms within) 33 Supernatant, 0.33 +,+ 
15 min. 
0.1 Ppt. forms within) 10 | 7 021-,-,- 
5 min. 
0.1 mF | Not deter- | Suspension | 4.0 -,- 
| mined 
0.2 Ppt. forms within! 11 | Supernatant! 0.7 -,- 
1 min. 
0.2 +. ee Pee . 0.65| -,- 
0.2t “¢ 5; 12 2 1.0 -,-,¢+ 








* Reaction mixtures buffered to pH 7.8 were allowed to stand for 2 days 
at 18-22° before assay. 

t In the 1 month-old Silver King squabs here used a + reaction may be 
obtained with approximately 2.5 to 51.u., a 2 + reaction with 5 to 10 1.v., 
and a3 + reaction with over 10 1.v. 

t The minimal effective dose of the hormone used for these experiments 
was 0.2 mg. per squab on intramuscular injection (0.1 mg. per squab on 
subcutaneous injection); the minimal effective dose of the starting mate- 
rial for all other experiments on this table was 0.25 mg. per squab. All 
injections in this investigation were performed intramuscularly. 


hormone and 0.8 per cent cysteine remained clear and fully as 
active as the starting material, while protein concentrations of 
0.02 to 0.05 per cent led to partial precipitation and inactivation. 
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Treatment of Lactogenic Hormone* with Cysteine; Effects of Various Factors 











Concentra- ee , 
tion Assay in squads 
ont ; Solvent, experimental conditions, * and 
No. acto-| observations - 
me | Sis Total | Crop rection 
mone 
A. Effect of temperature, time, solutes 
| a | cent | mg. 
1 (0.010) 0.4 | 2 days at 37°, solution remains | 0.4 3+, +, +, —- 
| | clear 
0. 015 0.6 | 40 hrs. at 38°, solution remains 0.23 +,+, + 
| | clear 
2 0.01 (0.4 10 days at 18-22°, solutionremains 0.4 3+, 3+ 
| clear 
3 0. 02 | 0.8 | Glycine added (to 7.2%); ppt. | 0.8 -,=- 
within 1 hr.; suspension 
0.02 Same, without cysteine 0.2 T, t.™ 


B. E fect of changes i in relative cysteine concentration 


1 0. 02 | 8. 0 | Ppt. within 1 hr.; suspension 0.8 -,-,- 
0. 01 | 4.0 | 9 days; ppt. within 12 hrs.; redis- 0.36 -,- 
| solved by addition of urea 
(0.005) 2.0 | 10 days, solution remains clear 0.4 -,- 

2 0.01 | 2.0 | >> “ " " 0.4 +, + 

3 0.1 | 0.4 | ‘Ppt. within 1 day; suspension 1.0 -,- 

C. Effect of 6 to 8 M urea as solvent 
1 0.2 | 8.0 | Solution remains clear 0.4 | 3+, 2+, 2+ 
| 0.3 +,+,+ 

| ae 0.25) +,+,- 
por 1.6 | “" " ‘ 0.4 3+, 2+ 

2 (0.04 16.0 - m ™ 0.4 -,- 

3 (0.33 13.3 “ : ” 0.4] 2+, 2+, - 


D. Effect of oxygenation} of reaction mixtures 


1 os 33 113. 3 | Aliquot of C-3 (urea as solvent) 
0. 015) 0.6 ap ” 
| 


no urea) 


A-1 (phosphate buffer, 


0.4 | 2+, 2+, 2+ 
0.2 Fe 


* All preparations used for these and all further experiments had a 
minimal effective dose of 0.2 mg. on intramuscular injection. 


t Unless otherwise stated, reaction mixtures, 
allowed to stand for 2 days at 18-22° before assay. 


buffered to pH 7 


8, were 


t Oxygenated for 12 to 24 hours; nitroprusside test negative. 
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The small and constant amount of protein, however, which re- 
mained in solution at all concentrations of or above 0.1 per cent 
proved inactive at the levels tested. 

It has been stated that a 40-fold amount of cysteine causes 
precipitation and inactivation only in solutions containing more 
than 0.02 per cent of the hormone. When glycine was added, 
however, together with this amount of cysteine, precipitation 
and inactivation occurred when the protein concentration was 
only 0.02 per cent, while glycine alone had no effect (Table II, A, 
Experiment 3). This could also be achieved by increasing the 
cysteine-protein ratio; thus a 400-fold amount of cysteine caused 
precipitation at a protein concentration of only 0.01 per cent 
(Table II, B, Experiment 1). On the other hand, smaller relative 
amounts of cysteine are required for the onset of precipitation at 
higher hormone concentrations; e.g., 0.1 per cent (Table II, B, 
Experiment 3). 

When cysteine treatment was performed in 6 to 8 M urea, no 
precipitate formed even at high protein concentrations (0.2 per 
cent) and no inactivation was noted when a 40-fold amount of 
cysteine was used (Table II, C, Experiments 1, 3). This is all 
the more surprising, since it has been shown that growth hormone 
and gonadotropins are more readily inactivated by cysteine in 
urea than in aqueous solutions (3, 4). 

Since these experiments indicated that the cysteine-treated 
hormone was inactive only on account of its insolubility, it seemed 
important to dissolve the precipitated hormone and test the 
biological activity of the solution. Many experiments have been 
performed with this object with the following outcome. The 
precipitate is almost insoluble in water and was generally washed 
repeatedly before further use; it is very sparingly soluble (0.002 
per cent) in phosphate buffer at pH 7.8 in which the original 
hormone is easily soluble. The precipitate is soluble at pH 
8.5 to 9.0, z.e. in approximately 0.05 n sodium hydroxide, as well 
as in 6 to 8 mM urea. When it was redissolved in urea without 
special precautions, it was found to have little if any activity 
(Table III, Experiment 1). If it was redissolved with exclusion 
of air, 7.e. under nitrogen or hydrogen, or in the presence of 
cysteine, its activity was approximately that of the original 
hormone (Table III, Experiments 2, 3; Table IV, Experiment 3). 
When inactivated solutions, prepared by dissolving the precipitate 
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in urea without observing these precautions, were again treated 
with cysteine, reactivation of varying degree was achieved (Table 


III, Experiments 4, 5). 


When the precipitates were redissolved 


in weak alkali, less clear cut results were obtained (Table ITI, 


TaBLe III 


Effect on Hormonal Activity of Conditions Employed for Dissolving Lactogenic 


Hormone Precipitated during Treatment with 40-Fold Amount of Cysteine 


Experi- 
ment 
No. 


6a 
6b 





Treatment of ppt. 


Dissolved in 40% urea 


“ 


teine 
Then oxygenated (12 hrs.) 


“e 


* 40% containing cys- 





Dissolved in 40% urea saturated with 
hydrogen 

Dissolved in 40% urea, stirred 1.5 hrs., 
then treated with cysteine 

Then oxygenated (12 hrs.) 

Dissolved in 40% urea, stirred 6 hrs. 

Then treated with cysteine 


Washed thoroughly, dissolved in 0.05 n 
NaOH (—SH test positive) 

Same 

Unwashed ppt. dissolved in 0.05 Nn 
NaOH + trace of cysteine 


| Same after thorough washing, under 


| 


{ 


nitrogen (—SH test positive) 


| Washed ppt. (—SH test positive) dis- | 


solved in 0.05 n NaOH + trace of | 
cysteine 

Washed ppt. (—SH test negative) | 
dissolved in 0.05 n NaOH, under 
nitrogen 


Same aerated 


Assays in squabs 


Total 
dose | 


Crop reaction 


mg. | 


1.6 | _, 


0.36 TT, +) ¥ 


Experiment 6); sometimes activity was recovered and some- 


times not.! 


It appeared that much handling, such as repeated 


1 It will be shown in the following paper that the number of reducing 
groups in the thiol-treated protein was found to be lower and more irregular 
when it was redissolved in alkali than upon direct determination. 
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washing, might lead at times to inactivation. Solutions of 
thoroughly washed protein were not regularly inactivated by 
aeration. 

Besides its insolubility, the sensitivity to autoxidation clearly 
differentiates the cysteine-treated precipitated form of lactogenic 
hormone from the untreated hormone. Dilute and therefore 
not precipitating solutions of the hormone and cysteine were 
consequently exposed to oxygen after 2 days standing; similar 
mixtures at higher concentrations but in urea and therefore not 
precipitated were treated similarly. Both types of solution were 
oxygenated longer than necessary for the oxidation of all the 
cysteine (negative nitroprusside test) and then assayed for bio- 
logical activity. The fact that both types of solutions were 
found fully active (Table II, D) is interpreted as evidence that 
under conditions of cysteine treatment which do not lead to 
precipitation most if not all of the hormone remains unchanged. 

While it has been shown that a 40-fold amount or less of cysteine 
caused only an apparent hormone inactivation, a very much 
greater excess of this amino acid (200- to 400-fold) led to true 
inactivation. This could be shown either in very dilute protein 
solution (0.005 per cent) or at higher concentrations in 8 M urea, 
conditions which prevent precipitation of the protein; it could 
also be demonstrated for the precipitated protein, redissolved in 
the presence of cysteine (Table II, B, Experiments 1, 2; C, 
Experiment 2). 


Experiments with Thioglycolic Acid 


Thioglycolic acid caused precipitation of 90 per cent of the 
protein above certain protein concentrations, as does an equivalent 
amount of cysteine. (In one experiment of this type the rate of 
precipitation was followed by nitrogen analyses. The con- 
centration of protein was 0.11 per cent, and of thioglycolic acid 
2.5 per cent. Of the nitrogen, 41 per cent was found in solution 
after 13 minutes, 16 per cent after 44 minutes, and 12 per cent 
after 2 days. The suspension was then assayed at a high level 
in squabs (6.2 mg.) and found inactive.) However, while a 200- 
to 400-fold amount of cysteine was needed to produce true hormone 
inactivation, thioglycolic acid produced this effect at one-fiftieth 
of the molar equivalent of that amount (Table IV). As with 
cysteine, this true inactivation is independent of protein con- 
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centration; when dilute hormone solutions (0.01 per cent) were 
treated with a 23-fold amount of thioglycolic acid (equivalent 


























TaBie IV 
Comparison of Effect of Cysteine and Thioglycolic Acid on Lactogenic Hormone 
A, Concentration Assays in bst 
— <n oh Conditianst and ghess- tel ean, been a Sls a 
|v l 
No | Mone | Thiol eagent* | Boom page dcreoomgy | Total dose | Crop reaction 
pa | mM per ml. | | mg. | 
o | | 
» Fee ecepay| | MG | 94 | ot, OF 
0 01, 0.025 Th solutions remain, 0.4 | -,- 
ey ti y clear | es | -,- 
| (Dia- | 
| | lyzed) 
2 | 0.01; 0.025 Cy. | 0.4 | 3+, +, +, —- 
| ° os | ’ ’ ’ 
0.01| 0.025 Th.} | brs. at37",solu-/) 9, | _ - 
0.01 0.005 tions remain clear | 0.4 | 2+,2+,+,-— 
| Ppt. forms after | | 4+, 3+ 
' a few min.; re- wal Beg 
. " “1; a | dissolved by ad- 4p 
“aii r dition of urea 1 
before assay 
4 | 0.13 0.33 Th. | Ppt. appears after 0.8 +,- 
| | 10 min. 
0.13, 0.066 “ | Ppt. appears after 0.8 | 2+, 3+ 
| 20 min. 
| (both redissolved | 
as above) 
5 | 0.33 0.83§ Cy.| | In8™ urea, solu-| 0.4 2+, 2+, + 
0.33, 0.45 Th. tionsremainclear| 0.8 -,-,- 
6 | 0.1 | 0.625 Cy. | 0.4 2+, 2+, +, + 
0.1 | 0.05 Th.| | In 8M urea, solu-| 0.4 > 
0.1 | 0.025 “| | tions remain clear 0.4 +,+,+,+ 
/ 0.1) 0.0125 “ | 0.4 +, + 


* Cy., cysteine; Th., thioglycolic acid. 

t 2 days at 18-22°, in pH 7.8 phosphate buffer, unless otherwise stated. 

t Intramuscular injection (0.15 to 0.2 mg. of pure lactogenic hormone 
gives + reaction under such conditions). 

§ This represents a cysteine-protein ratio of 40:1. 


to a 40-fold amount of cysteine), no precipitate formed but the 
solutions were inactive (Table IV, Experiments 1, 2). When the 
same experiment was performed at a 10-fold or higher hormone 
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concentration, nine-tenths of the protein precipitated, inactive 
even when redissolved with those precautions? which regularly 
permit recovery of hormonal activity from precipitates produced 
by treatment with an equivalent amount of cysteine (Table IV, 
Experiments 3, 4). Also treatment with thioglycolic acid in 
6.7 M urea solution leads to inactivation of the hormone without 
formation of a precipitate (Table IV, Experiments 5, 6). From 
these experiments it appears that thioglycolic acid is about 50 
times more effective than cysteine in inactivating lactogenic 
hormone. 


DISCUSSION 


When lactogenic hormone is treated with a 40-fold amount of 
cysteine, formation of a precipitate is observed above a certain 
protein concentration; loss of biological activity is found to 
parallel this precipitation. No inactivation is apparent when 
cysteine treatment is performed in more dilute solution or in 
6 to 8 M urea solution, conditions which do not lead to the forma- 
tion of a precipitate. When the precipitate is redissolved under 
conditions which prevent autoxidation, its potency resembles 
that of the untreated hormone. All these findings indicate that 
the action of a 40-fold amount of cysteine on lactogenic hormone 
does not cause true inactivation of the hormone. It causes its 
transformation into an insoluble state. It will be shown in the 
following paper that this insoluble protein differs from the un- 
treated hormone in containing many reducing groups and in 
particular thiol groups formed by reduction of disulfide bonds. 
The susceptibility of the precipitated hormone to autoxidation 
mentioned above is easily explained by this fact. Apparently 
reoxidation of the reduced protein does not regenerate the original 
hormone in active form.* 

The conditions necessary for the precipitation of the hormone 
seem to merit a more detailed discussion. It has been noted 


? The simplest and most reliable method of redissolving the hormone 
in active form is by addition of an equal amount of urea to the precipitated 
protein-thiol reaction mixture. The precipitate dissolves in this highly 
concentrated urea solution and can then be diluted for assay. 

’ Attempts of various authors to achieve regeneration of the activity 
of other proteins have not been successful (5, 6), with the possible exception 
of partly reduced insulin (7). 
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that the degree of precipitation is determined entirely by the 
concentrations of protein, cysteine, and other solutes. It has 
also been mentioned that the solubility of the precipitated form 
in phosphate buffer at pH 7.8 (0.002 per cent) is considerably 
lower than the hormone concentration necessary for beginning 
precipitation from reaction mixtures (0.02 per cent); also that 
lactogenic hoimone treated with cysteine in dilute solution or in 
urea is not as sensitive to oxidation as the precipitated form. 
The simplest interpretation of all these facts seems to be the 
following. The reaction between hormone and a 40-fold amount 
of cysteine rapidly‘ reaches an equilibrium when only a small 
fraction, possibly about 10 per cent of the hormone, has been 
transformed into the insoluble form. If the original hormone 
concentration is below 0.02 per cent, this small fraction remains in 
solution and no changes are noted. The same is true when urea 
is used as solvent, even at higher protein concentrations, owing to 
the solubility of the reduced form under these conditions. Any 
factor, however, which raises the concentration or decreases the 
solubility of the insoluble form leads to precipitation, thus shift- 
ing the equilibrium of the reaction, until almost all the hormone 
is transformed into the insoluble state. This can be effected 
by an increase in either protein concentration (with proportionally 
increased cysteine) or in solute concentration, or in the cysteine- 
protein ratio. 

If the cysteine-protein ratio is increased to more than 200, the 
action of the cysteine changes in character; true inactivation 
ensues, 7.e. inactivation which is not due to either insolubility or 
reoxidation of the reduced hormone. This true inactivation pro- 
duced by a very great excess of cysteine can well explain the 
previously reported fact that treatment of the hormone with a 
40-fold amount of cysteine, besides causing the precipitation of 
90 per cent of the protein, also leads to inactivation of the 10 
per cent which remains in solution. It is obvious that with 
precipitation of most of the protein the cysteine-protein ratio in 
solution is greatly increased. 

When thioglycolic acid is used instead of cysteine, true inac- 
tivation occurs at much lower relative thiol concentrations. This 


* At 18-22° the appearance of turbidity varied from 1 minute to 12 hours, 
according to the concentrations employed. 
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thiol compound is apparently about 50 times more effective than 
cysteine in inactivating lactogenic hormone, while similar con- 
centrations of the two reagents are needed for precipitation of the 
protein. This difference is surprising in view of the fact that 
the oxidation-reduction potential of the two thiols has been shown 
to be the same (8). 

SUMMARY 


1. Treatment of lactogenic hormone with more than a 200- 
fold amount of cysteine causes true inactivation. Less cysteine 
(40-fold) may lead to an inactivation of hormone solutions of 
sufficient concentration by causing the transformation of the 
hormone into a very insoluble state. If this insoluble protein is 
redissolved under conditions which prevent autoxidation, it is 
fully as active as the untreated hormone. If formation of a 
precipitate is avoided by performing the cysteine treatment in 
very dilute protein solutions or in 6 to 8 M urea, no inactivation 
occurs. 

2. Thioglycolic acid is approximately 50 times more effective 
than cysteine in causing true inactivation of lactogenic hormone, 
although similar amounts of the two thiols are needed to cause 
precipitation of the protein. 
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5’ The protein precipitates obtained by treatment with equivalent 
amounts of the two thiol reagents differ in various respects. Their bio- 
logical difference has been pointed out; their chemical properties will be 
discussed in the following paper. 
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Various proteins are known to contain reducing groups. The 
strongest reducing groups in proteins appear to be thiol groups, 
while weaker reducing properties are attributed to tyrosine and 
tryptophane (1). A number of biologically active proteins are 
affected by treatment with reducing agents, such as mercaptans; 
the specific activity of some is enhanced, while others are inac- 
tivated. It is generally believed that the action of these com- 
pounds is confined to the reduction of protein disulfide bonds 
but no conclusive evidence for this has been brought forth.! 

In the preceding paper, the action of cysteine and thioglycolic 
acid on the lactogenic hormone of the anterior pituitary has been 
described. An attempt to explain the findings there reported 
has led to this investigation of the nature of the reducing groups 
in the lactogenic hormone before and after treatment with thiol 
compounds. 


Methods and Materials 


A number of different reagents were used under varying con- 
ditions to permit estimation and differentiation of reducing and 
reducible groups in the protein and specifically cysteine and 


* Aided by grants from the Research Board of the University of Cali- 
fornia, from the Rockefeller Foundation, and from Parke, Davis and Com- 
pany. Assistance was rendered by the Work Projects Administration, 
Official Project No. 65-1-08-62, Unit A5. 

1 Stern and White (2) have used phosphotungstate in determining the 
reducing groups of insulin treated with thioglycolic acid; it has become 
apparent during the present investigation that other than thiol groups in 
proteins may reduce this reagent. 
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cystine in hydrolysates. To avoid autoxidation, hydrolyses were 
performed in a current of oxygen-free nitrogen. 

Phosphotungstate—This reagent was used for estimation of re- 
ducing groups (presumably thiol) in unhydrolyzed proteins (2) 
as well as in hydrolysates. In either case the reaction proceeded 
at pH 6.7 in 5 M urea (reagents as for Mirsky and Anson’s modi- 
fication (3) of the Folin-Marenzi method (4)); the color was read 
on a Cenco photelometer 10 minutes after addition of the reagent. 
In the case of the unhydrolyzed protein, a precipitate formed after 
addition of the reagent and was centrifuged off before the reading 
was taken. The color intensity was compared with that of stand- 
ard cysteine solutions, plotted on a curve (which was a straight 
line on semilogarithm paper over a wide range of concentration), 
and expressed in terms of this amino acid. In the absence of 
groups reducing phosphotungstate, treatment of the protein or 
its hydrolysate with sulfurous acid and subsequent use of the 
reagent as described above yielded colors which were regarded as 
most probably due to cystine or protein disulfide bonds; they 
were read on standard cystine curves and expressed in terms of 
this amino acid. 

Sullivan Reaction (5)—This method was used for determination 
of cysteine and in its absence of cystine in protein hydrolysates. 
Also with this reaction standard curves were constructed and 
found reliable, with close observation of the conditions specified 
by the author, particularly in regard to freshness of the reagents. 
To determine the limits within which this method was applicable 
to the determination of cysteine in the presence of cystine, con- 
trol experiments with casein hydrolysates or known mixtures of 
these two amino acids or both were performed. If the cystine 
to cysteine ratio in such mixtures was 9 or above, cysteine values 
were obtained which were too high by 2 to 3 per cent of the cystine 
present. (Cystine in the absence of cysteine gives apparent 
cysteine values of 3 to 8 per cent: the lower value at higher cystine 
concentration; e.g., 3 mg. of cystine yield 0.091 mg. of apparent 
cysteine; 0.9 mg. of cystine, 0.046 mg. of cysteine; 0.3 mg. of 
cystine, 0.023 mg. of cysteine.) This interference by cystine 
disappeared rapidly with increasing relative amounts of cysteine 
and, with a ratio of cystine to cysteine of 5, correct values are 
obtained even for as little as 0.08 mg. of cysteine. 
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Nitroprusside and Ferricyanide—The nitroprusside test was 
used only as a qualitative indication of the presence of reducing 
and presumably thiol groups. It was used as an indicator in 
experiments in which proteins were titrated in 6.8 mM urea with 
0.001 m potassium ferricyanide (9). Ferricyanide was also used 
by Anson. 

Reducing groups in the protein were also estimated by its 
ability to reduce cystine in 0.5 n KOH (3). The cysteine thus 
formed was determined with phosphotungstate, as described above. 

The reaction of thiol groups with iodoacetamide was used in an 
indirect manner as an indication of the number of such groups 
formed from disulfide groups by reduction of the protein. For 
this purpose the reduced protein was treated at pH 8.0 with an 
excess of iodoacetamide? for 2 hours at room temperature, dialyzed, 
hydrolyzed, and the cystine content of the hydrolysate, determined 
by the Sullivan method, compared with that of the untreated 
protein. If it is assumed that R—S—CH:,;—COOH does not 
yield thiols under the conditions of hydrolysis or reduction, the 
cystine found can be derived only from the unreduced protein 
disulfides.* 

The preparations of lactogenic hormone‘ used in this investiga- 
tion contained 25 to 30 1.u. per mg. Several of the preparations 
had appeared homogeneous when used in electrophoretic and 
solubility studies (6). The hormone solutions were precipitated 


2 Iodoacetamide was prepared according to Anson’s procedure and re- 
crystallized to constant melting point. With iodoacetic acid, less rigor- 
ously purified, great difficulties and apparent loss of cystine were en- 
countered. 

’ Carboxymethylcysteine and its amide were used in control experiments 
(NH,—CH(COOH)—CH,—S—CH,—CO—R;; R = OH or NH;). Samples 
of the acid were kindly put at my disposal by Professor H. B. Lewis and by 
Dr. H. Tarver; the amide was prepared from cysteine and iodoacetamide. 
These compounds did not yield color when the Sullivan method for cystine 
was used. They did cause a slowly and progressively increasing color 
when treated with phosphotungstate and sulfite. Since, in the absence of 
disulfides, phosphotungstate is slowly reduced by sulfite directly, it ap- 
pears probable that carboxymethylcysteine catalyzes this reaction. The 
Folin method can therefore not be used for the determination of cystine in 
the presence of such compounds. 

‘For some of the lactogenic hormone preparations I am indebted to 
Dr. W. R. Lyons and Dr. C. H. Li. 
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by thorough dialysis, and then dried over phosphorus pentoxide 
in vacuo. Preparations of the reduced protein were obtained by 
treating solutions containing at least 0.1 per cent of the protein, 
as described in the previous paper, with a 23-fold amount of 
thioglycolic acid or an equivalent amount (40-fold) of cysteine at 
pH 7.8 for 2 days at room temperature. The precipitate which 
formed was then centrifuged off and freed from thiol reagent by 
repeated washing with distilled water, saturated with oxygen- 
free nitrogen. After four to five washings the nitroprusside test 
was generally negative in the supernatant but washing was always 
continued for two to three times more after this point had been 
reached. 


Discussion of Results (Summarized in Table I) 


Reducing Groups in Lactogenic Hormone—The nitroprusside and 
phosphotungstate tests are negative, even if the hormone is 
dissolved in such denaturing agents as 8 M urea or guanidine 
hydrochloride (7). Also the hydrolysate contains neither cysteine 
nor other groups reducing phosphotungstate. All this indicates 
that thiol groups do not exist in this hormone; this fact has been 
confirmed by different methods by Anson® and by Li and cowork- 
ers (6). When the protein was treated with cystine in 0.5 N 
KOH, it reduced this amino acid, but not at pH. 9. (10 mg. of 
hormone, acting on 52 mg. of cystine in 1 ce. of 0.5 Nn KOH at 


5 When these facts were brought to the attention of Dr. M. L. Anson, he 
agreed to perform a few experiments with this protein. He, too, arrived 
at the conclusion that —SH groups probably do not exist, but that reducing 
groups of unknown nature are present in this protein. Dr. Anson per- 
formed the following experiments: (a) Negative nitroprusside test in guani- 
dine hydrochloride solution, even when the precautions are taken which 
have been described (8). (6) Positive nitroprusside test in guanidine 
hydrochloride solution if before the addition of nitroprusside the protein 
is exposed to strong cyanide in alkaline solution. Cyanide reduces —S—S— 
to—SH. (c) No reduction of ferricyanide in neutral Duponol-PC solution 
as described (9). (d) 5mg. of hormone, 1 cc. of 0.1 M sodium borate buffer, 
pH 9.2, 0.5 ce. of 0.1 m ferricyanide, 10 minutes at 37°; 1 ec. of 0.0009 m 
ferrocyanide formed. Exposure to borate alone does not produce —SH, 
as shown by negative nitroprusside test. No ferrocyanide formed if the 
hormone is exposed to ferricyanide for 30 minutes in phosphate buffer 
(pH 7.4). Besides these experiments the author is indebted to Dr. Anson 
for valuable suggestions regarding this paper and concerning further work 
to be done. 








Content of Cystine, Cysteine, and Other Reducing Groups in Lactogenic Hormone before and after Treatment with Custetne ana 
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room temperature, caused the formation within a few hours of 
0.2 to 0.36 mg. of cysteine, the yield increasing with time; this 
could be determined directly with phosphotungstate, without 
removal of the protein, since the latter does not reduce the re- 
agent.) It is therefore concluded that lactogenic hormone does 
not contain thiol groups but does contain groups of unknown 
nature which are more easily dehydrogenated than any non- 
thiol groups heretofore described in proteins.° 

Disulfide Groups in Lactogenic Hormone—The cystine content 
(assuming no cysteine) of hydrolysates of the hormone was 
found to be 3.0 per cent in four determinations by the Sullivan 
method. Six determinations by the Folin method also indicated 
a cystine content of 3.0 per cent. The good agreement between 
the values obtained by these two methods indicates that the hor- 
mone contains no disulfides other than cystine. Four estimations 
of these groups in the unhydrolyzed protein indicated 2.2 per 
cent; this lower value is believed to be due to the fact that not 
all disulfide bonds in the protein are equally accessible to the 
reducing action of the sulfite ion. 

Reducing Groups in Thiol-treated Lactogenic Hormone —-Thiol- 
treated hormone precipitates give positive tests for reducing 
groups with all methods employed, either when redissolved in 
6 to 8 m urea or in alkali or upon hydrolysis. As was reported in 
the preceding paper, thioglycolic acid causes true inactivation of 
the hormone at very much lower concentrations than does cys- 
teine, both causing the transformation of the protein into an in- 
soluble form at approximately equivalent concentrations. Simi- 
larly the number of reducing groups was found to differ between 
protein precipitates obtained by treatment with equivalent 
amounts of these two thiol reagents. With all five methods of 
analysis employed, hormone preparations treated with thio- 
glycolic acid were found to contain from 67 to 130 per cent more 
reducing groups than the cysteine-treated hormone. 

The reducing groups of the thiol-treated protein could be (1) 
protein thiol groups, formed by reduction of disulfides, (2) re- 
ducing groups other than thiol, formed from unknown protein 
groups, and (3) thiol groups due to the reagent’s having been 
absorbed by or combined with the protein. 

A number of different analytical methods were therefore used 
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in an attempt to elucidate the nature of the reducing groups of the 
thiol-treated lactogenic hormone. From the findings it appears 
certain that protein disulfide bonds have been reduced and thiol 
groups formed; it also becomes evident that other reducing groups 
of unknown nature have appeared; the third possibility, the 
combination of a small amount of the thiol reagent with the pro- 
tein, also appears probable, at least in the case of thioglycolic 
acid. The basis for these conclusions will now be discussed. 

1. The finding of appreciable amounts of cysteine by the Sullivan 
method (1.5 per cent) in the protein treated with thioglycolic 
acid is regarded as unequivocal proof for the reduction of protein 
cystine radicals. This is confirmed by the results of determina- 
tions of unchanged cystine after treatment of the reduced proteins 
with iodoacetamide. From a quantitative point of view cysteine 
determinations indicate the reduction of 30 and 50 per cent of the 
total cystine by cysteine and thioglycolic acid respectively, while 
determination of the residual protein cystine indicates the reduc- 
tion of 50 and 75 per cent respectively. 

2. The existence of reducing groups other than thiol in the protein 
after treatment with cysteine and thioglycolic acid is indicated 
by the fact that consistently more phosphotungstate is reduced by 
the treated proteins than can be accounted for by their cysteine 
content (Sullivan); this is so when the proteins are treated di- 
rectly with the Folin reagent as well as in the case of the hydroly- 
sates. Since aliquots of the same hydrolysate were repeatedly 
found to contain about 50 per cent more “‘cysteine” by the Folin 
than by the Sullivan method, the difference cannot be due to 
losses of cysteine through autoxidation during hydrolysis. As 
previously stated, the good agreement of the cystine values for 
the untreated hormone obtained by these two methods appears to 
exclude the existence of other disulfides in the hormone. The 
only remaining interpretation appears to be the existence in the 
reduced protein of groups other than thiol which reduce phos- 
photungstate. A few experiments with ferricyanide indicate that 
this reagent is reduced in neutral urea solution to a similar extent 
that phosphotungstate is by the reduced proteins. The number 
of reducing groups determined by these reagents, directly or in 
hydrolysates, corresponds to 47 and 105 per cent of the total 
cystine, after cysteine and thioglycolic acid treatment respec- 
tively. 
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3. The possibility that some of the thiol reagent had combined 
with the protein in such a manner that it was not removed by 
repeated washing was tested by comparison of the sulfur content 
of the treated and untreated proteins. Three samples of protein 
treated with thioglycolic acid, one of which had been dissolved 
and dialyzed for a long time after the usual washing, contained 
2.1 per cent of sulfur, which is 0.3 per cent higher than the sulfur 
content of the untreated protein. This would indicate a stable 
combination of approximately 1 per cent thioglycolic acid with 
the protein; if it is assumed that the thiol groups of these thio- 
glycolic acid molecules are still free in the protein addition com- 
pound, their reducing power might account for about 1.3 per cent 
“eysteine,’’ as determined by phosphotungstate or ferricyanide. 
This value would then have to be subtracted from the 3.0 to 3.2 
per cent “cysteine” determined by these reagents, leaving reducing 
groups, corresponding to about 2 per cent of the protein when 
calculated as cysteine. These thioglycolic acid molecules could 
not account for or contribute to the cysteine determined by the 
Sullivan method. A similar addition of cysteine to the protein 
is possible when this thiol is used for reduction. This factor 
again could not explain the discrepancy between total reducing 
groups and cysteine in the treated hormone. It thus follows 
that stable combination of thiol compounds with proteins is a 
possible occurrence. While this has to be kept in mind in analyz- 
ing data concerning the reducing power of such proteins, it is not 
established that the thiol groups of the reagent will be free in such 
compounds. Even if it is assumed that in the case under con- 
sideration they are free, this does not affect the validity of the 
first two findings; 7.e., the reduction by thiol compounds of 
protein disulfide bonds and of other unknown groups in lacto- 


genic hormone. 


The author wishes to express his gratitude to Professor Herbert 
M. Evans for helpful advice and criticism received during this 


work. 
SUMMARY 


1. The presence of 3.0 per cent cystine in lactogenic hormone 
has been demonstrated. No cysteine was found in hydrolysates 
nor did the unhydrolyzed protein reduce the usual thiol reagents. 
It did reduce cystine in strongly alkaline solution. 
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2. Treatment of lactogenic hormone with thiol compounds 
causes (a) the reduction of disulfide bonds to cysteine thiol groups, 
(b) the appearance of groups of unknown nature which reduce 
phosphotungstate and ferricyanide in neutral solution, and (c) 
the probable formation of stable addition compounds between 
the protein and the thiol compound. 

3. Thioglycolic acid was found to cause about twice as much 
reduction as an equivalent amount of cysteine. 
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THE RESPONSE OF LIPID METABOLISM TO ALTER- 
ATIONS IN NUTRITIONAL STATE 


Il. THE EFFECTS OF OVERNUTRITION ON THE POSTABSORP- 
TIVE LEVELS OF THE BLOOD LIPIDS OF THE DOG* 


By C. ENTENMAN anp I. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical School, 
Berkeley) 


(Received for publication, August 4, 1941) 


The desirability of providing data on the maximum fluctuations 
that can occur in the lipid levels of the blood and liver under a 
variety of experimental conditions was pointed out in a previous 
communication from this laboratory (1). The response of the 
blood lipids to fasting and chronic undernutrition has already been 
recorded (1). The present investigation deals with the changes 
in cholesterol, phospholipid, and total fatty acids in the blood of 
dogs subjected to an excessive caloric intake that resulted in a 
condition of obesity, in which the animals gained as much as 80 per 
cent of their initial body weight in a period of 90 days. 

According to Hurxthal (2), the cholesterol content of the blood 
is normal in obese subjects. Others, however, have reported 
that obesity does influence the lipid levels of the blood. Thus 
Mayer et al. (3) stuffed geese and found that after some time a high 
blood fat content was present. Rony and Levy (4) state that the 
average fasting level of total fatty acids in obese patients was 
somewhat higher than in normal patients, whereas cholesterol 
contents were practically the same. Solotoreva et al. (5) also 
reported a hyperlipemia with considerably increased lecithin and 
cholesterol levels in obese subjects. 


* Aided by grants from the Research Board of the University of Cali- 
fornia. The assistance furnished by the Works Progress Administration 
(Official Project No. 65-1-08-652, Unit A6) is gratefully acknowledged. 
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EXPERIMENTAL 


Twelve adult dogs were used in the present study. Before the 
caloric intake was increased, each animal received a diet adequate 
in calories, proteins, salts, and vitamins. They were fed twice 
daily (at 8.00 a.m. and 4.00 p.m.) 30 gm. of lean meat and 6 gm. 
of sucrose per kilo per day. Vitamins A and D were supplied as 
cod liver oil and the vitamin B complex as galen B (vitab, Type 
II liquid'). Each animal received once daily 2 gm. of Cowgill’s 
salt mixture (6) along with the meat and sucrose fed at 4.00 p.m. 
2 gm. of bone ash were also furnished with each dietary mixture. 

Following this control period, three experimental procedures 
were adopted: (1) Overnutrition was induced by doubling the 
caloric intake of the control period; (2) overnutrition was induced 
by feeding raw pancreas; (3) marked obesity was induced and then 
followed by fasting. During the entire period of observation the 
daily intake of salts, cod liver oil, and rice bran concentrate was 
kept constant in all animals recorded below. During overnutri- 
tion, food not eaten voluntarily was forcibly fed. 

Whole blood was used for lipid analyses. From animals that 
were fed, blood was taken just before the morning meal. Thus at 
the time blood was sampled, all dogs were in a postabsorptive 
state, having ingested their last meal 16 hours before the removal 
of the blood. In the case of animals subjected to fasting, blood 
samples were removed between 8.00 and 9.00 a.m. Microoxida- 
tive procedures were employed for lipid determination. These 
have been described elsewhere (7). Free cholesterol was deter- 
mined in an acetone solution from which the phospholipids had 
been precipitated. 

Overfeeding with Mixed Diet of Meat and Sucrose 

The blood lipid changes associated with weight gain produced 
by increasing the intake of meat and sucrose were investigated in 
eight dogs. The results obtained on two of these (Dogs N-57 and 
N-58) are recorded in Table I and are discussed below. In the 
six other dogs (Nos. N-15, N-16, N-25, N-29, N-32, and N-33) 
observations were extended over periods of 91 to 104 days; during 


' This concentrate was generously supplied by The Vitab Corporation, 
Emeryville, California. 
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the first 14 to 27 days they received the control diet, whereas 
during the last 71 to 90 days they were subjected to overnutrition 
by doubling the intake of meat and sucrose. This treatment 
produced marked increases in weight. At the end of the periods 
of observation, the lowest gain in weight was 54 per cent above 
the initial body weight and the highest 83 per cent. Blood lipid 
determinations were made on at least two occasions during the 
control period and from four to eight times during the period of 
overnutrition. The blood lipid changes observed in these six 
dogs are not recorded in Table I but are discussed in the following 
paragraphs. 

Cholesterol—In four of the dogs (Nos. N-25, N-29, N-32, and 
N-33) the levels of total cholesterol in the blood remained prac- 
tically unchanged throughout the periods in which their weights 
were rapidly increasing. Thus the final values for total cholesterol 
were 192, 190, 241, and 196 mg. per 100 ce. of whole blood, while 
the highest corresponding control values were 194, 189, 220, and 
189 mg., respectively. In these four dogs, the maximum values 
observed at other intervals after the intake of excessive calories 
had been instituted did not exceed the highest control values by 
more than 24 mg. In the remaining two dogs, increases of 52 and 
75 mg. were associated with the gain in weight. 

Phospholipids—An excessive intake of calories produced variable 
responses in the postabsorptive levels of the blood. In five dogs 
(Nos. N-15, N-16, N-25, N-29, and N-33) the final phospholipid 
values did not exceed their corresponding control values by more 
than 45 mg. Despite fluctuations, the maximum values observed 
during the periods of overfeeding were between 15 and 74 mg. 
above their corresponding highest control values. 71 days after 
Dog N-32 had been placed on a diet that led to a gain of 61 per 
cent in its body weight, the phospholipid content of its blood had 
increased by 87 mg. per 100 ce. 

Total Fatty Acids—This lipid constituent responded similarly to 
a high caloric intake in four of the six dogs examined. In Dogs 
N-25, N-29, N-32, and N-33, the final blood values did not exceed 
the highest control value by more than 49 mg. In Dog N-15 the 
final value was 80 mg. per 100 ce. above the control, and in Dog 
N-16 an even greater rise, namely 110 mg. per 100 ec. of blood, 
was noted. 
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Overfeeding with Diet Containing Raw Pancreas 


The blood lipid changes produced by overfeeding with raw 
pancreas are shown in Table I. In the four dogs (Nos. N-44, 
N-45, N-46, and N-36) investigated, observations were extended 
over a period of 41 to 59 days. During the control period, each 
animal received a diet of lean meat and sucrose, and the amounts 
fed were sufficient to maintain the initial weight of the dog. This 
was followed by overfeeding with raw pancreas for 28 to 32 days, 
during which time each animal received 125 to 150 gm. of the 
glandular tissue twice daily in addition to the control diet. 

The total lipids remained practically unchanged despite the gain 
in weight that resulted from the ingestion of pancreas in addition 
to the control diet. The final values in Dog N-36 and in Dog 
N-46 were only slightly higher than the highest control values, 
whereas in Dog N-44 the level for total lipids observed 28 days 
after the feeding of raw pancreas was begun was below the control 
value. In Dog N-45, an increase of 84 mg. in total lipids was 
found at the end of the period of feeding with raw pancreas. 

In no case did a significant rise in phospholipids, total cholesterol, 
or total fatty acids of the blood follow the ingestion of extra calories 
in the form of raw pancreas. 


Changes Produced in Blood Lipids by Fasting Obese Dogs 


In five dogs (Nos. N-44, N-45, N-46, N-57, and N-58) recorded 
in Table I, the blood lipids were compared during three nutritional 
states. (1) The normal nutritional state is referred to as control. 
This period of observation extended over 8 to 20 days, during 
which several blood samples were removed for analyses. (2) 
During the period labeled overnutrition, the dogs received a high 
caloric diet for 64 to 92 days. Pronounced gains in weight oc- 
curred in all dogs. At the end of these periods of observation 
Dogs N-44 and N-46 had gained 9.1 and 8.8 kilos, and their weights 
at this time were 76 and 74 per cent respectively above their 
control weights. (3) In the third nutritional state, referred to as 
fasting, all food except vitamin concentrates and salts was with- 
held. 

Cholesterol—In three of the animals (Dogs N-44, N-45, and N-57) 
the highest values for total cholesterol observed during the period 
of overnutrition were in close agreement with the control values. 
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All lipid values are expressed as mg. per 100 cc. of whole blood. 
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TABLE I—Concluded 





= Diet per meal Cholesterol 
| | a vv 
Dog No. Treatment : > 5 A] 
§ 2 | 3 | 2]. 2\|2| 
pig sei ei ei e/12)8)% 
Algzliaia|\/ et lela lale/aie 
| gm. gm.igm’| kg. 
N-46 # | Control § | 180] 36, | 11.9) 134 363| 338) 497 
as 12 | 180) 36) 11.5) 143 356) 288) 499 
se 13 | 180) 36 11.5) 164 360) 343 524 
Overnutrition 8 | 180) 36.125) 12.1, 174 428) 380 602 
* 28 180 36125 13.5 166 393) 392) 559 
- 42 | 360) 72 15.9) 165 109) 56, 404) 370) 569 
. 60 | 360 72 17.8) 184 115 69) 466) 468) 650 
. 79 | 360, 72) | 19.8) 174) 98) 76) 498) 418) 672 
. | 91 | 360) 72 20.7; 164 98) 66) 368) 340) 532 
Fast 4) 19.3) 124) 85) 39) 316) 260) 440 
. 10 18.0) 117| 87 30) 354) 313) 471 
N-36 2 | Control 14 | 200) 40 13.3, 165 360) 337) 525 
-. 27 | 200 40 13.4) 164 355) 347) 519 
Overnutrition | 20 | 200 40150 14.3) 179 424) 368) 603 
ss 32 | 200 40.150 15.2 187 410) 377| 597 


In the other two dogs, increases of 29 and 50 mg. were noted. 
During fasting after the period of overnutrition, the levels of total 
cholesterol in all dogs decreased somewhat from the levels found 
at the end of overnutrition. The most striking fall occurred in 
Dog N-45, where the level fell from 185 to 99 mg. at the end of the 
fast. The average decrease in all dogs at the end of the fast was 
32 per cent below the overnutrition level. 

Total Fatty Acids—Overnutrition produced variable responses 
in the levels of total fatty acids. Although wide fluctuations 
occurred, increases were noted in most dogs. Thus, while the 
levels in Dogs N-57 and N-44 rose but slightly following the 
increased caloric intake, the values in the other three dogs varied 
as much as 92 to 135 mg. above the control level. The fatty acid 
response to fasting following overnutrition was also variable. 
Decreases in this constituent were quite pronounced in some dogs 
but not in others. In Dogs N-44 and N-45 a fall of 140 to 169 
mg. respectively was observed following the fast, whereas only 
small changes were found in Dogs N-57, N-58, and N-46. 
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Phospholipids—The phospholipid levels also showed consider- 
able fluctuation during the production of obesity. In Dogs N-57, 
N-44, and N-45 only slight changes occurred, but in Dogs N-58 and 
N-46 increases of 123 and 125 mg. respectively above control 
values were found. When obese dogs were fasted, pronounced 
decreases were observed in the phospholipid levels of them all. 
Differences of 157 to 243 mg. were noted between the levels during 
overnutrition and the levels during the period of fasting. 


DISCUSSION 


It was previously shown that acute fasting in which all dietary 
constituents with the exception of vitamins and salts were with- 
held failed to alter markedly the total cholesterol, total fatty 
acids, and phospholipids of whole blood (1). The present study 
shows that even while enormous amounts of fat are being deposited 
in the subcutaneous, abdominal, and such regions, a lipemia does 
not occur. In no instance was the level of any constituent higher 
than that normally found in the dog. Thus both observations 
suggest that wide variations in dietary régime need not markedly 
influence the blood lipids in the normal dog. 

The observation that large amounts of raw pancreas fail to 
produce striking rises in the blood lipids of the normal dog is 
worthy of note, particularly in view of the previous work that 
showed that the feeding of raw pancreas has a profound effect upon 
the blood lipids of depancreatized dogs maintained with insulin 
(8). When raw pancreas is not included in the diet, the level of 
all blood lipids in the latter type of animal falls below normal, 
whereas the administration of the glandular tissue results in con- 
centration of total cholesterol, phospholipids, and total fatty 
acids of the blood well above the normal. In some cases, values 
for total lipids well over 800 mg. and for total cholesterol over 250 
mg. per 100 cc. of whole blood were observed 34 to 41 days after 
the ingestion of 125 gm. of raw pancreas twice daily in addition to a 
meat-sucrose diet. The stability of the lipid levels of normal 
dogs overfed with raw pancreas suggests that overnourishment is 
not the cause of increased blood lipids in pancreas-fed depancrea- 
tized dogs. 

According to Bloor (9), whether or not an increase in blood fat 
occurs in fasting depends on the nutritional state of the dog. A 
dog that failed to show an increase in blood fat during fasting did 
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show this when stuffed with fat food for a week before fasting was 
induced. Terroine (10) observed both increases and decreases in 
fatty acids of the blood during fasting. This worker also ascribed 
the variation in response of fatty acids to differences in the nutri- 
tional states of the dog studied. 

It was found in the present investigation, however, that even in 
the presence of massive deposits of body fat fasting failed to raise the 
level of any of the lipid constituents in the blood. On the contrary, 
decreases were found, and in several cases the drop was more pro- 
nounced in the obese dog than in the dog of normal nutritional 
state (1). At first sight this observation is somewhat surprising, 
for, as noted above, fasting itself as well as the production of 
obesity itself led to little or no change in the concentration of blood 
lipids. The explanation for this apparent paradox lies in the fact 
that, while obesity did not lead to a hyperlipemia, it nevertheless 
had a tendency to establish the blood lipids at the upper level of 
the normal range. It is the fall from these higher but still normal 
levels that gives to fasting its greater effect in the obese dog than 
in the dog of normal nutritional state. 


SUMMARY 


1. The experimental production of obesity (in which dogs were 
made to increase their weights by as much as 80 per cent) led to 
little or no rise in the total cholesterol content of the blood. There 
was a tendency for total fatty acids and phospholipids to rise in 
the obese dog, but this response was not uniform in the animals 
studied. 

2. Raw pancreas (which readily influences the blood lipids of 
the completely depancreatized dog maintained with insulin) failed 
to produce significant changes in the blood lipid constituents in 
the normal dog. 

3. Fasting appears to produce a more pronounced fall in the 
blood lipids in the obese dog than in the dog of normal nutritional 


state. 
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PROTEINS?* 
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The history of hydroxyglutamic acid' is a peculiar one. It was 
first announced by Dakin (1), who reported 10.5 per cent of it in 
casein. While this value has since been incorporated in many 
tables and text-books, Dakin (2) later found lower yields, down to 
2 or 3 per cent. The characterization of the acid seemed at the 
time adequate, and the preparation from it of what was described 
as the “‘p-nitrophenylosazone of malic semialdehyde” appeared 
sufficiently definite. 

3 years later, Jones and Johns (3) reported that they had found 
10 per cent of it in lactalbumin, and Rimington (4) still later 
reported a considerable amount in the ‘“phosphopeptone” he 
obtained from casein. Recently (5) he (and others) revised his 
analysis. The serine, threonine, and hydroxyglutamic acid which 
he originally reported have now become serine, isoleucine, and 
glutamic acid. We know of no better illustration of the inade- 
quacy of the means which have, in the past, been available for the 
identification of hydroxyamino acids. 

More recently isolations have been reported (6) which seemed 
“surprisingly easy’? to Abderhalden (7, 8), even though he, with 
others, has recently claimed that he has isolated at least 3 per cent 
of hydroxyglutamic acid from casein. 

But many workers who have in recent years desired to isolate 
hydroxyglutamic acid for experimental purposes have been un- 
successful or have obtained products which they believed to 
contain considerable amounts of the desired substance, but have 
not adequately characterized it. We have been privileged to 


* Presented in substance before the American Society of Biological 
Chemists at Chicago, April, 1941 (Proc. Am. Soc. Biol. Chem., J. Biol. 
Chem., 140, p. xeviii (1941)). 

! Throughout this article 6-hydroxyglutamic acid is meant. 
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analyze two or three such products, but with most discouraging 
results. Such negative results are seldom mentioned in the 
literature. 

Still, Harington and Randall (9) reported their failure to isolate 
this acid, and Chibnall and Bailey? describe in some detail methods 
by which the “hydroxyglutamic acid fraction” of casein may be 
reduced almost to the vanishing point, while accounting for much 
of their material as glutamic and aspartic acids. 

Of recent reports that hydroxyglutamic acid has been success- 
fully isolated, we consider that of Gulland and Morris (10) the 
most nearly convincing. Their evidence cannot easily be set 
aside; but they claim only 0.3 per cent of hydroxyglutamic acid 
in casein. 

For the evident confusion in this field, two explanations can be 
offered. Hydroxyglutamic acid is found in a residue which 
remains after all better known amino acids have been removed; 
such a situation is bound t» be unsatisfactory. Furthermore, 
there have never been available suitable methods for the estima- 
tion, study, or characterization of hydroxyamino acids. 

It is the purpose of this paper to demonstrate that the amount 
of hydroxyglutamic acid in the proteins of milk is very small (if it is 
present at all) and to specify tests which samples supposed to 
contain this acid should be required to meet. 

We have shown elsewhere (11) that periodic acid reacts rapidly 
and quantitatively with 6-hydroxy-a-amino acids. The reaction 
for serine is 


OH NH, O O 
HIO, !! 
CH,—CH—CO.H ———> CH, + NH; + CH—CO,H 
The corresponding reaction for hydroxyglutamic acid would be 


CO.H OH NH, CO.H O O 
| ll uo, | il | 
CH:—CH—CH—C0O.H — CH,—CH + NH; + CH—CO.H 
Van Slyke et al. (12) have reported that synthetic hydroxy- 

glutamic acid,* reacts rapidly and quantitatively with periodic 

acid in potassium carbonate solution, as judged by the liberation 
* Chibnall, A. C., and Bailey, K., American Chemical Society, Boston, 


September, 1939. 
3 See foot-note 4. 
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of ammonia. This is clearly a minimum test which any sample 
of hydroxyglutamic acid must meet. The isolation of a derivative 
of malonic acid semialdehyde would make the demonstration 
conclusive. 

But there is another angle of appraisal which can also be applied. 
By the use of periodic acid we have developed satisfactory methods 
for the determination of threonine (13) and serine (14) in protein 
hydrolysates. With the same reaction, but by measuring am- 
monia liberation, it is possible to measure “total hydroxyamino 
acids;” and we have the statement of Van Slyke et al. (12) that 
this should include hydroxyglutamic acid, if present. We accord- 
ingly present the accompanying balance sheets for certain proteins. 

It is necessary here to point out that the values reported for 
threonine and serine in our previous papers (13, 14) on the deter- 
mination of these amino acids were designed to show reproduc- 
ibility (which was our logical first interest), but they do not repre- 
sent exact values for the proteins in question, since they were not 
corrected for moisture and ash. The ratios remain unaffected. 
The values reported in Table I have been corrected in the manner 
indicated in each case. 

The molecular ratios of threonine to serine found in these 
proteins approximate closely to integers. The ratio for casein of 
0.598 is clearly 3:5. For lactalbumin, the corresponding value 
(0.973) is 1:1, and for lactoglobulin we find even more precisely 
4:3 (1.335). The values given seem to confirm the precision of 
our methods, and may also help to define these two minor proteins 
of milk. 

It will be clear that if our results are accurate there is no hydroxy- 
glutamic acid in the hydrolysates of any of the proteins here stud- 
ied. But it has often been pointed out that the conditions of 
hydrolysis employed (refluxing for 24 hours with 20 per cent 
hydrochloric acid) may be too severe,‘ and may cause destruction 


‘ Through the greatly appreciated cooperation of the Editors, we have 
received from one of them a small sample of synthetic 8-hydroxyglutamic 
acid hydrochloride. As judged by ammonia evolution after treatment with 
periodate, the sample was of very good quality. With it, we carried out 
the following experiments. The hydrochloride (90 mg.) was added to 1.25 
gm. of casein, and the mixture hydrolyzed by our usual method (refluxing 
for 24 hours with 20 per cent hydrochloric acid). The ammonia liberated 
by periodate was determined on an aliquot, and compared with that value 
obtained from a sample of casein run in parallel. The difference cor- 
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TaBLe I 
Balance Sheet for Hydroxyamino Acids in Casein, Lactalbumin, and 
Lactoglobulin 
The results are expressed as per cent. The actual value for each pro- 
tein is given in the first column, and the equivalent value, calculated as 
serine, in the second. 


Casein* Lactalbumint Lactoglobulint 

Total hydroxyamino acids 9.05 9.27 | 7.10 

ee * i 5.82 | 5.82 | 4.74 4.74 3.12 |. 3.12 

Threonine....... ...| 3.95 | 3.48 | 5.24 4.62 | 4.72) 4.16 
Other hydroxyamino acids, 

by difference... '—0.25 —0.09 |-0.18 


* A good commercial casein from which the fat had been somewhat ex- 
haustively extracted. Analysis showed it to contain 14.00 per cent N, and 
the reported analyses are corrected on the assumption that pure casein con- 
tains 15.80 per cent N. 

t We are grateful to Dr. D. B. Jones for this preparation of lactalbumin. 
It was not particularly highly purified and is not the preparation on which 
Jones and Johns reported analyses. It contained 13.86 per cent N, and the 
reported values are corrected on the assumption that it should have con- 
tained 15.43 per cent N. 

t The lactoglobulin used was a very pure (several times recrystallized) 
product kindly placed at our disposal by Dr. A. K. Balls. Unfortunately, 
we had only 0.3 gm., and the values reported probably deserve less credit 
than those listed above for casein and lactalbumin. The values given are 
calculated from the total N content of the solution, on the assumption that 
lactoglobulin contains 15.30 per cent N (value supplied by Dr. Balls and 
Dr. Axelrod). 


responded to a recovery of 56 per cent of the original hydroxyglutamie acid. 
We also hydrolyzed casein with sulfuric acid according to the directions 
of Dakin (1), and determined the ‘‘total hydroxyamino acids”’ in the usual 
way, by estimating the ammonia liberated on treatment with periodate. 
The value obtained was indistinguishable from that obtained by our usual 
method of hydrolysis. We also used the same method of hydrolysis with 
sulfuric acid (1) on a mixture of hydroxyglutamic acid hydrochloride and 
casein. The recovery of hydroxyglutamic acid in this case was 70 per cent. 
The amount of destruction of authentic hydroxyglutamic acid in the experi- 
ments we quote does not vary greatly according to the method used. It is 
larger than we should have predicted, but it is by no means large enough 
to account for the apparently complete absence of hydroxyglutamie acid 
in our hydrolysates. We should have found half of it as readily as all of it. 
And we feel obliged to raise the point that the rate of destruction of this 
acid under various conditions is relevant only in case it was originally 
present. 
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of hydroxyglutamic acid. We can only answer that previous 
claims of destruction have presented evidence of only partial 
destruction, and in the entirely possible case that the hydroxy- 
glutamic acid was not there, this question would not arise at all. 
But no amino acid determinations approach perfection too closely 
and it is in order to examine certain specific possibilities of error. 

With regard to the threonine determinations, we have considered 
the objection that malonic acid semialdehyde, which should be 
produced by the action of periodic acid on any hydroxyglutamic 
acid present, is a 8-aldehydo acid, and as such likely to be decarbox- 
ylated to give acetaldehyde. In that case, it would be counted as 
threonine. 

We are inclined to disregard this factor, for a number of reasons.’ 
(1) We do not believe that this reaction would take place at an 
important rate at room temperature and at the pH of bicarbonate. 
(2) Only a rapid action could be important, for the evolution of 
acetaldehyde from threonine approaches zero quite rapidly after 
an hour or less; any reaction of the sort suggested would have to 
proceed at such a rate as to be complete in an hour or less. (3) 
Rose has found (by feeding experiments) substantially the same 
value for threonine in casein. As threonine is an “essential” 
amino acid, this agreement is important. 

With regard to formaldehyde formation, we admit at once that 
hydroxylysine, if present, would be indicated as serine. This 
would have no effect on the argument. But any sugar which 
happened to be present would be indicated, mole for mole, as 
serine; and in such a case each mole of formaldehyde formed from 
a carbohydrate would leave room for 1 mole of hydroxyglutamic 
acid. 

We have attacked this aspect of the question in two ways. (1) 
We have acetylated the amino acids selectively in aqueous solu- 


5 The gift sample of hydroxyglutamic acid hydrochloride (see foot-note 
4) has allowed us to confirm this view experimentally. The hydrochloride 
(24 mg.) was treated as for a threonine determination. The “‘acetalde- 
hyde” evolved in terms of 0.02 N iodine solution was 0.03 cc. after 0.5 hour, 
and 0.12 cc. after 1.5 hours. Acetaldehyde from threonine comes over more 
rapidly. The persistency here suggests that acetaldehyde is formed from 
hydroxyglutamic acid by the reactions suggested, but at a negligible rate. 
Even after 1.5 hours, the amount recorded is only 2 per cent of that initially 
present. This reaction, then, clearly does not influence the conclusions 
put forward in this paper. 
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tion, without important acetylation of any sugars which might be 
present, and attempted to determine any sugars that survived 
the hydrolysis by the serine method (15). The results are not as 
yet entirely clear cut, but they offer little hope for a significant 
decrease in the serine content of casein. (2) A further experiment, 
in which 5 per cent of lactose was added to casein before hydrol- 
ysis, led (by the methods referred to in the previous paragraph) 
to serine values low enough to indicate substantially complete 
destruction of the carbohydrate. The uncertainty introduced 
into our serine determinations by surviving carbohydrate would 
not be greater than the equivalent of 0.2 per cent of hydroxy- 
glutamic acid in the protein. 

We can only conclude that (a) we have never personally met any 
evidence for the existence of hydroxyglutamic acid in proteins; 
(b) we have sufficient faith in those chemists who have in the past 
reported it to conserve the hope that it exists in some degree in 
milk proteins; (c) we insist that the content surviving hydrolysis 
in casein and in lactalbumin cannot exceed the 0.3 per cent claimed 
by Gulland and Morris; (d) if the hope expressed above, that some 
of the acid exists, is fulfilled, our methods are by a small margin 
less accurate than we have believed them to be; (e) we shall in 
any case have supplied, for the first time, methods for the con- 
clusive recognition of future samples which may be supposed to 
be hydroxyglutamic acid. 


EXPERIMENTAL 


Determination of Total Hydroxryamino Acids—The method used 
is modified from that of Van Slyke and Cullen (16) for the deter- 
mination of ammonia from urea, and is briefly as follows: 

Apparatus—Two pairs of 25 X 200 mm. test-tubes are con- 
nected in series as a gas train. The first tube of one pair is fitted 
with a separatory funnel, the stem of which reaches nearly to the 
bottom and serves as the gas inlet tube. 

Procedure—The first tube of each pair (Tubes I and I’) contains 
an aliquot of the protein hydrolysate representing, in not more 
than 5 cc., 100 to 200 mg. of protein. In addition it contains 15 
ec. of saturated K,CO; solution and 2 drops of Nujol. The second 


® We confirm our original finding (11) that acyl groups on nitrogen effec- 
tively inhibit the reaction of hydroxyamino compounds with periodic acid. 
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and fourth tubes (Nos. II and II’) contain 25 ce. each of standard 
().02 n HCl and 2 drops of methy] red indicator. 

To start the reaction, an excess of periodic acid (1 to 2 ce. of 0.5 
M acid)? is added to one of the reaction tubes (No. I or I’) through 
the funnel, and a current of air (washed through dilute sulfuric 
acid) is drawn through the solution for 1 hour at the rate of about 
2 liters per minute. At the end of this time the NH; in the two 
receivers is separately estimated by titration with 0.02 Nn alkali. 
The difference between the two amounts of NH; found is consid- 
ered to be due, mole for mole, to the decomposition of hydroxy- 
amino acids, and is most conveniently calculated as “serine 
equivalent.” 1 ce. of 0.02 N acid is equivalent to 2.10 mg. of 
serine. Sometimes a not quite insignificant additional amount 
of NH; may be recovered by aerating for an additional half hour. 

Since NH; reacts readily with aldehydes, its smooth evolution 
requires that other amino groups be present to displace it from 
aldehyde combination. In the analysis of relatively pure hydroxy- 
amino acid fractions, this would require the addition of several 
moles of a suitable non-volatile amine; we have used alanine. 
None of the protein hydrolysates tested required this addition. 
Even in the case of silk proteins the necessity for the addition of 
alanine was most doubtful. 

Hydroxyproline does not yield any NHs, and there is no indica- 
tion that any other amino acid which does not contain an aliphatic 
hydroxyl group interferes. 

As an alternative procedure, it is possible to determine the 
“amide NH,” and “hydroxyamino acid NH,” in the same sample. 
After the former has been obtained in the usual way, periodic acid 
is added, and the NH; thus formed determined separately. This 
procedure requires more time, but permits a certain economy of 
material when necessary. 

Appraisal of Carbohydrate in Casein Hydrolysate’—The hydroly- 
sate from 0.3125 gm. of casein was selectively acetylated under 
suitable conditions in aqueous solution with 2 moles (based on N 
content) of acetic anhydride. After treatment of aliquots with 


7 The periodic acid concentration given as ‘0.5 N’’ in reference (13), p. 
95, line 25, should have been ‘0.5 m.”’ 

8’ The method is tentative as yet and will be discussed in detail else- 
where. The results given should, however, prove fairly typical. 
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periodic acid, acetaldehyde and formaldehyde were determined. 
The apparent threonine content was 0.11 per cent, or about 3 
per cent of the value obtained before acetylation. It was as- 
sumed that this implied 97 per cent acetylation of the threonine 
present, and the same value was assumed for serine. 

The formaldehyde gave 2.3 mg. of dimedon precipitate, of which 
1.3 mg. should be formed from 3 per cent of the serine. The 
remaining 1.0 mg. is equivalent to 0.2 per cent glucose in the 


hydrolyzed casein. 

In another experiment, 5 per cent of lactose was added to casein 
before hydrolysis (24 hours with 20 per cent HCl), and threonine 
and serine determined. The corrected values were 3.99 and 5.46 
per cent respectively. This serine value is lower than the aver- 
age previously found, and suggests no additional survival of 
carbohydrate from the added lactose. 
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The organic iodine substances, diodrast and hippuran, were 
shown several years ago by Landis, Elsom, Bott, and Shiels (1) to 
have the highest clearances in the human kidney of any known 
substance. In 1938, Smith, Goldring, and Chasis (2) described 
methods for estimating the “effective blood [plasma] flow” (diodrast 
clearance), the plasma “filtration fraction” (the ratio of inulin 
clearance to diodrast clearance), and the functioning “tubular 
excretory mass”’ (diodrast 7',,) of the kidney by determining the 
excretion of diodrast, at low and high plasma levels, and the 
simultaneous excretion of inulin. Application of these measure- 
ments in health and disease has led to new concepts of renal 
vascular dynamics. 

In order to simplify the analytical technique of diodrast clear- 
ance and 7’,, measurements and, thereby, increase their usefulness 
for clinical studies, we have devised the method here described. 
This new procedure depends upon the conversion of diodrast to 
iodate, color development by liberation of iodine from the iodate, 
intensification of the yellow iodine color, and finally measurement 
of the color intensity in a photoelectric colorimeter. Our method, 
though very rapid, yields accurate results in the analysis of plasma 
or urine filtrates containing 1 y or more of diodrast iodine per cc. 


Principles of Method 


Conversion of Diodrast to Iodate—The method is based on the 
fact that diodrast can be recovered quantitatively from protein- 


* Aided by a grant from the Douglas Smith Foundation and the Kenneth 
G. Smith Fund for Medical Research. 


147 

















148 Determination of Diodrast and Iodine 


free filtrates of plasma or urine when cadmium is used as the 
precipitating agent (Table I). 

Diodrast or iodide is readily oxidized to iodate by heating with 
bromine." 

Liberation of Iodine from Iodate—Excess bromine is removed 
before the liberation of elementary iodine by the addition of an 
alcoholic phenol solution. The resulting brom-phenols are color- 
less. 

Color is developed by the addition of potassium iodide, accord- 
ing to the following equation. 


KIO; + 5KI + 6H;PO, = 31, + 6KH,PO, + 3H,0 


Intensification of Color—The yellow color of the free iodine is 
augmented by the addition of a large excess of potassium iodide, 
through the formation of a triiodide complex.’ 


I+ KI = KI; 


This reaction greatly increases the sensitivity of the method. 
The intensified color bears a curvilinear relationship to the concen- 
tration of iodate (or diodrast iodine) in the solution (Fig. 1). 
Though the above reactions have long been known, we have been 
unable to find any previous application of this intensification in 
colorimetric microanalysis. 

Measurement of Color Intensity—The No. 490 Evelyn filter, 
which Sendroy has demonstrated to be suitable for the analysis of 
iodate at higher concentrations (4), is not sensitive enough for the 
determination of plasma diodrast iodine at the low levels that must 
be maintained during diodrast clearance measurements. Under 


! This observation has been made independently by Alpert (3), who has 
recently described a titrimetric method for the analysis of diodrast. In his 
method, which was published after the completion of our work, the iodate 
is measured by thiosulfate titration. This titration method, though con- 
siderably less rapid than our colorimetric procedure, should prove very 
useful in laboratories where a photoelectric colorimeter is not available. 

2 Dr. Julius Sendroy, Jr., has called to our attention the fact that alcohol, 
originally used in this method to aid in dissolving brom-phenols, also in- 
tensifies the yellow color. A more detailed discussion of principles for 
increasing the sensitivity of the photocolorimetric determination of iodate 
by means of the yellow color, based on independent observations of Sendroy 
and ourselves, will be made in another publication (Sendroy, J., Jr., and 
Alving, A. 8., to be published). 
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the conditions of our procedure the sensitivities obtained with 
filters allowing maximum transmission at 400 and 365 my are 
approximately 20 and 65 times, respectively, greater than the 
sensitivity obtained with the No. 490 Evelyn filter (Fig. 1)? 
Plasma diodrast iodine for clearance studies can readily be meas- 
ured with either of the more sensitive filters. 

Our method makes practical accurate colorimetric determina- 
tion of iodides or diodrast, by direct measurement of the yellow 
iodine color, in concentrations that previously could be estimated 
colorimetrically only by the blue color of the starch-iodine complex. 
Colorimetric analysis with the yellow color has the advantage of 
much greater speed and simplicity (4). 

Reagents— 

Bromine reagent. 10.0 gm. of reagent grade potassium bromate 
and 80.0 gm. of anhydrous reagent grade sodium bromide (iodide 
allowable as impurity, less than 0.01 per cent) are dissolved in 100 
ec. of distilled water in a bottle. To this mixture 40.0 ce. of 
reagent grade 85 per cent phosphoric acid (HsPO,, sp. gr. about 
1.7) are added from a volumetric pipette with occasional shaking 
of the bottle. This reagent should stand for at least a day before 
it is used to insure that the potassium bromate is completely 
reduced. When stored in a glass-stoppered bottle, the reagent 
keeps almost indefinitely. 

Phenol reagent. To 100 cc. of 95 per cent ethyl alcohol in an 
Erlenmeyer flask are added 5.0 gm. of fresh reagent grade phenol, 
which must show no brown discoloration due to oxidation, and 


‘The No. 490 Evelyn filter concentrates 95 per cent of the light trans- 
mitted between 465 and 530 mu, the approximate mean wave-length of the 
transmitted band being 490 mu. The No. 400 Evelyn filter concentrates 95 
per cent of the transmitted light between 380 and 430 my, the approximate 
mean wave-length of the transmitted band being 400 mz. Intermediate 
sensitivities are obtained with Evelyn filters No. 420 and 440. The Evelyn 
photoelectric colorimeter and filters may be obtained from the Rubicon 
Company, Philadelphia. The special filter made of ‘‘red ultra’ glass No. 
584, 8 mm. thick, transmits 30.8 per cent of the light at 365 mu (see “Adden- 
dum’’). It is manufactured by the Corning Glass Works, Corning, New 
York. The range of transmission is from 334 to 404.7 mu. When the Corning 
filter is employed, it is desirable to use 10 volts to supply current for the 
colorimeter lamp. Unless extra voltage is added to the 6 volt battery 
supplied with the Evelyn instrument, the ‘‘fine adjustment”’ of the galvan- 
ometer becomes so insensitive as to be practically useless. 
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10.0 cc. of 17 per cent phosphoric acid. The 17 per cent acid is 
prepared by diluting reagent grade 85 per cent phosphoric acid 
1:5 with distilled water. The phenol reagent should not be kept 
more than 3 days. 

Potassium iodide. 50 gm. of reagent grade potassium iodide are 
dissolved in 100 cc. of approximately 0.01 N sodium hydroxide. 
This reagent can be kept for many months, because the alkali 
prevents atmospheric oxidation of the potassium iodide. 

Acid cadmium sulfate solution. 13.0 gm. of reagent grade 
cadmium sulfate (3CdSO,-8H,O) and 63.5 cc. of exactly 1 N 
sulfuric acid are diluted to 1 liter with distilled water. 

1.10 N sodium hydroxide. Reagent grade sodium hydroxide is 
used for this solution. 

Procedure 

Precipitation of Blood and Urine Proteins—-The method of Fujita 
and Iwatake (5) isemployed. To 1 volume of plasma or urine are 
added 8 volumes of the acid cadmium sulfate reagent, followed by 
1 volume of 1.10 N sodium hydroxide. The mixture is agitated 
gently while the sodium hydroxide is being added, and is then 
shaken vigorously for a few seconds. After standing at least 30 
minutes, the mixture is filtered and the filtrate diluted, if necessary, 
to contain between 1 and 5 y of diodrast iodine per cc. Precipita- 
tion of protein must be made before the samples are diluted. The 
same filtrates can be employed for diodrast analysis as are used 
in the colorimetric determination of inulin (6), because neither 
yeast fermentation nor the presence of inulin influences the final 
color development. If urine contains no protein, or only a trace, 
analysis may be made on the diluted urine without precipitation. 

Oxidation of Diodrast Iodine to Iodate--The entire colorimetric 
analysis is carried out in the special “S’’ absorption test-tube 
(7 X 7/8 inches) furnished with the Evelyn photoelectric color- 
imeter (7). To 5 cc. of appropriately diluted filtrate is added | 
drop (0.03 to 0.05 cc.) of the bromine reagent. The tube is gently 
shaken to obtain uniform distribution of the bromine, and is then 


4 Alving, A. 8., Flox, J., Pitesky, I., and Miller, B. F., to be published. 
5 To insure reproducibility in the size of drops we reserve one pipette for 
the addition of bromine reagent and another for the addition of potassium 


iodide. 
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placed, unstoppered, in a bath containing vigorously boiling water. 
The water should extend slightly above the level of the liquid inside 
the tube. After the tube has been heated for exactly 3 minutes, 
it is removed and immediately plunged into cool water and brought 
to room temperature. The outside of the tube is carefully dried 
before it is placed in a test-tube rack. 

Removal of Excess Bromine—5 cc. of the phenol reagent are 
added from a volumetric pipette in the following manner: First, 
with the tip of the pipette held just above the surface of the 
solution in the tube, the reagent is allowed to run in freely until 
the solution has become clear and colorless. This requires less 
than 3 cc. The reagent remaining in the pipette is then used to 
wash down the inner walls of the tube. After the addition of the 
phenol reagent the tube must be carefully shaken to obtain a 
homogeneous solution. When mixing is completed, no schlieren 
figures are visible on the walls of the tube. 

Development of Color—1 drop (0.03 to 0.05 ce.) of potassium 
iodide reagent is next added to the solution in the absorption tube.® 
The tube must be shaken immediately. Because the intensity of 
the resulting yellow color increases with time, in performing a 
series of analyses we add the reagent as follows: First, 1 drop of 
potassium iodide reagent is added to each tube containing a water 
blank’ at intervals of exactly 30 seconds. 60 seconds are allowed 
to elapse after the addition of potassium iodide reagent to the last 
water blank.’ The potassium iodide reagent is then added to the 
remaining tubes at intervals of 15 seconds. Other time intervals 
may be employed if found more convenient by the individual 
analyst. 

It is best to measure the color intensity of all samples, including 
water blanks, vide infra, as close to 10 minutes after the addition 
of potassium iodide as possible. Longer periods may be employed 


* It is convenient to analyze as many as thirty-four tubes at a time when 
the circular metal rack designed for the analysis of inulin is used. We 
obtained our rack from E. H. Sargent and Company, Chicago. 

7 By water blank is meant a sample containing reagents and 5 cc. of dis- 
tilled water. The plasma blank consists of reagents and 5 cc. of a 1:10 
protein-free filtrate of a sample of plasma obtained prior to the intravenous 
injection of diodrast. 

* This interval allows adequate time for subsequent adjustment of the 
center point on the galvanometer scale. 
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but a more intense light source then becomes necessary and the 
value of the plasma blank,’ as well as the urine blank, increases. 

Estimation of Color Intensity—The light transmission is meas- 
ured in an Evelyn photoelectric colorimeter (7) with a No. 400 
Evelyn filter, or a special Corning filter having maximum trans- 
mission at 365 myu.* Although considerably greater sensitivity 
may be obtained with the latter filter (Curve B, Fig. 1), the former 
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Fig. 1. Calibration curves showing the relation between the per cent of 
light transmitted (Evelyn photoelectric colorimeter) and the concentration 
of diodrast iodine with filters having maximum light transmission at 400 mu 
(Curve A), 365 mu (Curve B), and 490 my (Curve C 


is preferred for routine analyses in diodrast clearance studies (2) 
because it is sufficiently sensitive and allows greater analytical 
range (Curve A, Fig. 1). The diodrast iodine concentration is 
determined from a calibration curve. 

Individual samples must be examined for color intensity in the 
Evelyn instrument in the same order and at the same time intervals 
between individual readings as were followed in the addition of the 
potassium iodide reagent. 

Determination of Center Point Setting of Evelyn Galvanometer 
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In each series of analyses water blanks must be included. To 
prepare blanks, 5 cc. of distilled water are substituted for the 
filtrate of plasma or urine. The water blank is treated in exactly 
the same manner as described above for filtrates. The photo- 
electric colorimeter is adjusted to read 100 per cent light trans- 
mission with a tube containing the water blank in the instrument. 
The water blank is then removed and the galvanometer reading, 
without any tube in place, is taken as the center point setting. 
It is advisable to run water blanks in triplicate to determine an 
average center point setting. 

Calibration—Standards containing from 0.175 to 8.75 y of 
diodrast iodine per cc. are prepared by dilution of 35 per cent 
diodrast.? 5 ce. samples of the standards are analyzed as de- 
scribed for filtrates. Water blanks must be included for center 
point setting. The per cent light transmission, obtained from 
the Evelyn colorimeter, is plotted against concentration of diodrast 
iodine on semilogarithm paper as shown by the calibration curves 
in Fig. 1. 

Blank Analyses of Blood Plasma and Urine—The rate of color 
augmentation after the addition of potassium iodide is slower in 
water solution of diodrast than in filtrates of plasma containing 
diodrast. However, the water solutions and plasma filtrates 
increase in color at the same relative rate as do their respective 
blanks over a considerable period of time. It is, therefore, neces- 
sary to correct the plasma diodrast values by subtracting the value 
of a plasma blank,’ which has been treated exactly as an unknown 
and analyzed simultaneously. The plasma blank is always deter- 
mined on 1:10 filtrates, while the unknown samples may have 
to be diluted further. In such instances the blank must be sub- 
tracted only after both the plasma blank and the unknown 
samples have been multiplied by their respective dilution factors. 

The difference in the rates of reaction, described above, causes 
the plasma blank to increase in magnitude with time. In order 
to keep the plasma blank low, it is desirable to read the color in- 
tensity of all samples, including water blanks and plasma blanks, 


® Diodrast is the trade name for the brand of 3,5-diiodo-4-pyridone-N- 
acetic acid diethanolamine made by the Winthrop Chemical Company, Inc. 
It has, according to the manufacturers, a molecular weight of 510 and con- 
tains 49.8 per cent iodine. 
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as soon as practical after potassium iodide is added. As already 
stated in the discussion of the measurement of color intensity, we 
have found the ideal time interval before reading is made to be 
about 10 minutes. During a period of less than 10 minutes the 
color intensity changes too rapidly for the convenient measure- 
ment of light transmission; and, if a long interval is allowed to 
elapse, the plasma blank becomes large. The plasma blank is 
usually equivalent to about 0.6 mg. of diodrast iodine per 100 ce. 
if read in 10 minutes. 

The intensification of yellow color that occurs after the addition 
of potassium iodide to water blanks or to water solutions of 
standards is probably due to atmospheric oxidation. In the case 
of plasma filtrates, the more rapid color intensification is due to the 
presence of unidentified substances which after bromination react 
like bromoamines (8), in that they liberate iodine from potassium 
iodide at a faster rate than is accounted for by atmospheric 
oxidation. 

The value of the plasma blank for a given person is not affected 
by meals. The blank is of the same order of magnitude in un- 
controlled diabetic and uremic patients as in normal individuals, 
and for an individual remains remarkably constant for a period 
of at least 6 hours. 

Although the value of the urine blank containing no diodrast is 
greater than that of the plasma blank, omission of the urine blank 
usually introduces considerably less than 1 per cent error, because 
diodrast is greatly concentrated during excretion by the kidney. 


EXPERIMENTAL 


Determination of Diodrast Added to Dog and Human Plasma and 
Urine-—Diodrast was added to normal plasma and analyzed. The 
results given in Table I show the high degree of accuracy obtained 
with the method, even at plasma diodrast iodine concentrations 
as low as 1.0 mg. per 100 ce. Comparable recoveries were obtained 
with analyses performed on normal urine containing added dio- 
drast. Representative results for urine are shown in Table I. 

Diodrast was added to urine obtained from patients suffering 
from “nephrosis,” obstructive jaundice, uncontrolled diabetes 
mellitus, or uremia. In each case the accuracy of the diodrast 
method was the same as for samples obtained from normal in- 


dividuals. 
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Variability of Plasma Blank—To determine the error that might 
be introduced by changes in the plasma blank during clearance 
determinations, blank analyses were performed on six blood 
plasmas drawn at intervals of 15 to 60 minutes in each of three 
subjects. The largest deviation of any of these eighteen plasma 
blanks from the mean for a given individual was equivalent to 


TaBLe | 
Recoveries of Diodrast Added to Blood Plasma or Urine 





Diodrast iodine added ——— Error 
mg. per 100 cc, mg. per 100 cc. | per cent 
Blood plasma | 1.00 1.01 +1.0 
0.98 —2.0 
1.99 1.97 —1.0 
| 1.95 —2.0 
2.99 3.03 +1.3 

2.92 —2.3 
| 1.98 5.10 42.4 
| 5.01 +0.6 

13.94 13.71 ~1.6 

15.85 15.90 +0.3 
16.15 +1.9 

34.86 34.20 —1.9 

35.00 +0.4 

58.10 57.30 —1.4 

58.30 +0.3 

69.72 69.51 —0.3 

Urine @ 34.86 36. 20 +3.8 
174.3 173.0 —0.7 

348.6 346.0 —0.7 

697.2 702.0 +0.7 
3486.0 3443.0 —1,3 


0.05 mg. of diodrast iodine per 100 cc. The standard deviation 
from the mean was, respectively, 0.020, 0.028, and 0.012 mg. per 
100 ce. for each of the subjects. It is apparent that the error 
caused by variations in plasma blank is small. 

Specificity of Method—The method is applicable to the deter- 
mination of neoiopax and iodides as well as to diodrast. Hippuran 
and skiodan cannot be oxidized to iodate by bromine as herein 
described. It is, therefore, possible to use this method for the 
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analysis of diodrast, neoiopax, or iodides in the presence of hip- 
puran or skiodan. 

Iodeikon can be completely recovered from water solutions and 
from urine by our method. It does not, however, appear in fil- 
trates of plasma when cadmium is used as the precipitating agent. 
No other protein precipitants have been tried. Only a very small 
fraction of isoiodeikon can be recovered from water solution.'° 

Effect of Various Protein Precipitants—Several protein precipi- 
tants have been tested. Trichloroacetic acid was found to be 
unsuitable, as only a fraction of the diodrast could be recovered 
in the filtrate. Somogyi zinc precipitation yielded slightly low 
values at 1:10 dilutions. Tungstic acid precipitation is suitable 
for diodrast but not for inulin analysis. For this reason cadmium 
precipitation was adopted in preference to zinc or tungstic acid 
precipitation. 

Effect of Blood Anticoagulants—Potassium oxalate, sodium 
citrate, and crystalline heparin do not interfere with the analysis. 


SUMMARY 


A method is described for the determination of diodrast and 
iodides by a simple, rapid, direct colorimetric procedure which 
possesses great sensitivity. In this method diodrast iodine in 
urine or filtrates of blood plasma is oxidized to iodate by bromine; 
excess bromine is removed by phenol; elementary iodine is liber- 
ated by potassium iodide; and the yellow color of thefree iodine, 
after intensification, is measured in a photoelectric Colorimeter. 
Sensitivity in color absorption is achieved by the use of filters 
allowing maximum light transmission at either 400 or 365 mu. 

By this procedure plasma diodrast iodine concentrations as low 
as 1 mg. per cent may be determined with a high degree of ac- 


curacy. 


Addendum—Since this article went to press we have found that the new 
melt of Corning “red ultra’”’ glass No. 584 has different light transmission 


1° Skiodan used in this work was donated by the Winthrop Chemical 
Company, Inc.; neoiopax by the Schering Corporation; hippuran, iodeikon, 
and isoiodeikon by the Mallinckrodt Chemical Works. 
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characteristics than the melt from which the special filter used by us was 
made. Fortunately, however, a 4 to 5 mm. filter made of Corning “violet 
ultra’ glass No. 586 (Melt 156) is very similar to glass No. 584 (old melt) 
and may be satisfactorily substituted. 
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A photoelectric technique for the colorimetric measurement of 
iodate and iodine has recently been described (Sendroy, 1939). 
As in the visual method (Sendroy, 1937), the color measured may 
be the yellow of the iodine element or the blue of the starch- 
iodine compound, the choice being largely dependent on the 
amount of sample available for analysis.! 

Although the relative color intensity of the blue compound is 
about 100 times that of the yellow iodine when measurements are 
made with an Evelyn (1936) instrument,? there are certain dis- 


* Aided by a grant from the Douglas Smith Foundation and the Kenneth 
G. Smith Fund for Medical Research. 

1 With an Evelyn (1936) macro photoelectric colorimeter, Sendroy’s 
(1939) method requires a minimum volume of 6 cc. of a solution of a mini- 
mum concentration of about 0.9 milliequivalent per liter (0.66 mg.) for 
macroanalysis of iodine by yellow color measurement, and a minimum of 
6 ec. of an approximately 0.009 milliequivalent solution (6.6 y) of iodine for 
microanalysis by blue color measurement. Amounts of iodine between the 
two limits mentioned, after appropriate dilution, are measured by blue 
color readings. For such measurements as could be made with the micro 
colorimeter attachment, about 1 cc. of the above solutions would be 
sufficient. 

2 The relative color intensity of a substance in solution in one color sys- 
tem, referred to that in another, is here defined as the reciprocal of the 
ratio of the concentration in the first system to that in the second, when the 
photoelectric galvanometer deflection for both is exactly the same. The differ- 
ence in the color systems compared may lie (a) in the light filters used 
(change in light absorption by the same solution without actual change in 
color or its intensity), (6) in the chemical composition of the two solutions 
(resulting in different intensities of the same color, or the production of 
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advantages in the measurement of the blue color. The blue color 
is less stable than the yellow and subject to greater variation owing 
to the operation of other factors, such as the color development 
temperature, etc. (Sendroy, 1937, 1939). The determination is 
more time-consuming, and each series of measurements must be 
calibrated against a standard solution. Analysis by yellow color 
readings, on the other hand, although heretofore requiring larger 
samples, is simpler, more rapid, and slightly more accurate. The 
color development is affected by relatively few factors and is so 
reproducible that a permanent standard calibration curve may be 
used for all measurements. 

On the basis of more recent data in the literature indicating a 
value of 470 to 480 my as the region of maximum absorption for 
iodine in the presence of KI in dilute solutions, a No. 490 filter® 
was prescribed for measurements of yellow iodine color with the 
Evelyn instrument (Sendroy (1939) p. 612). Shortly thereafter, 
we observed that yellow iodine color absorption was much greater 
when other filters were tried. At that time work on other prob- 
lems made it desirable and advantageous to make yellow color 
readings for iodine determinations at low concentrations ordinarily 
requiring blue color readings. The present study of exactly 
defined conditions under which further increases in yellow color 
sensitivity could be obtained was therefore undertaken.‘ 

The experiments to be described indicate how, by change in 
filters and solvents, such increased relative color intensity, or 
color “amplification,’’ may be effected. There is also described a 
different colors), or (c) in a combination of both factors. Thus, in the 
region of 30 per cent light transmission, at the same reading for both solu- 
tions, the concentration of iodine (read with a No. 600 filter) present as the 
blue compound in one solution will be approximately only 0.01 that of a 
solution in which the yellow color is read (with a No. 490 filter) (Table I). 

’ With the exception of the Corning Ultra series, the color filters men- 
tioned in this paper refer to those supplied by the Rubicon Company of 
Philadelphia for use with the Evelyn photoelectric colorimeter. ‘The num- 
bers of the Evelyn filters correspond to the wave-lengths, in my, at which 
they allow maximum light transmission. 

‘The present paper is based on principles originally applied to deter- 
minations of diodrast by Flox, Pitesky, and Alving (1942), and of calcium 
and chloride by Sendroy (1941, 1942). The general application of these 
principles to the determination of iodate and iodine in biological fluids is a 
result of the collaboration of both laboratories. 
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simple modification of Evelyn’s photoelectric colorimeter, to 
facilitate an extension of its range of readings to the near ultra- 
violet region. 

EXPERIMENTAL 


Calibration Curves for Correlation of Galvanometer Readings 
with Iodate or Iodine Concentrations in Different Yellow Color 
Systems—According to a previously outlined procedure (Sendroy, 
1939), varying volumes of dilute solutions of KIO; were treated 
with 0.085 m H;PO, and 5 per cent KI (freshly prepared), and 
diluted with water or other solvent to a final volume suitable for 
the range of color measured by each filter. Blanks, identical with 
the samples in all respects, but with iodate omitted, were used for 
setting the Evelyn instrument at 100 for the base-line reading. 
10 ce. portions of the color samples were read with the contents 
of the tubes at 25° (+5°). Data for complete calibration curves 
of each of the color systems discussed or mentioned in this paper 
were based on the averages of the readings of from two to six 
experiments for each system. 

The calibration curves of Fig. 1, plotted semilogarithmically, 
indicate the range of relative color intensities obtained when yellow 
iodine colors were read under various conditions different from 
those originally described (Sendroy (1939) pp. 612-615) and repre- 
sented here by Curves A and J. Essential data for the curves 
of the more important color systems, to which further reference 
will be made in this and other publications, are given in Table I. 

Although yellow color curves such as these have been found 
very reproducible in our laboratories, and hence reliable for use 
under the same conditions as those under which they were derived, 
the galvanometer readings and corresponding iodine values are 
given in Table I as a guide and not as an actual working tool. 
We have sometimes observed slight discrepancies between readings 
with different individual filters of the same optical characteristics, 
in the same instrument, and also between readings with the same 
particular filter in different instruments. To avoid errors arising 
from possible variations in filters and photoelectric cell systems, 
calibration curves should be determined with the instrument and 
filters with which they are to be used. From time to time, the 
particular curve used should be checked for a redetermination of 
two or three points. In general, for iodate or iodine analyses in 
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solutions of otherwise varying composition, the analyst should 
either establish new calibration curves in accordance with the 
principles outlined in this and a previous paper (Sendroy, 1939) 
or else prove that previously determined or available curves apply 
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Fic. 1. Calibration curves relating galvanometer, or per cent light trans- 
mission, readings with iodine concentrations in samples analyzed in the 
Evelyn photoelectric colorimeter under various analytical conditions. 
Curves A, B, C, G, I, and J correspond to the color systems in Table I. 
Curves D and E correspond to systems like System C except that System D 
contained | per cent KI (instead of 0.06 per cent) and System E contained 
40 per cent ethyl alcohol. 


also to analyses of iodine in whatever particular solution it is 
desired to use them. 

For practical use, it will be more convenient and accurate to 
plot the curves for each filter on a separate chart, with the abscissa 
scale so chosen as to avoid too steep a slope. Thus, for Curves 
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G, I, and J, the milliequivalents of iodine per liter should range 
from 0 to 0.1 in the same space used to plot values of 0 to 0.4 
for Fig. 1. 


TABLE I 
Calibration Data of Curves for Photoelectric (Evelyn Colorimeter) Microdeter- 
mination of Iodate or Iodine, with Comparison of Relative Color 
Intensities, under Vi Various Analytical Conditions 





























Color System.. | At Cc | F|G/4H I It 
Filter No... | on on | 400 | 584-8 | 586-5 | 586-5 | 586-5 600 
| 
KIO; solution = | 
CC..... 1-7 0.5-131-10 0. ie 1-9 0.5-7) 0.5-7 0.5-10 
mM..... 1.670.8 |0.532\0.167 | 0.133) 0.133) 0.133 (0.05 
0.085 m H PO, } 
ce... 20 |2.4 |2.4 |2.4 | 2.4 }2.4 | 2.4 0.4 
5% KI, ce... ho 1.2 1.2 1.2/1.2 | eet 0.02 
Other sub- | , 
stances, cc. § | 40 | 1 
| \| (CxHsOH)| (2% 
starch) 
| 
Galvanometer Iodine concentration, m.eq. per liter 
reading 
60 c. 73 0.099 0.0580 0167/0. 01600 0115; 0.0111 0.0101 
30 1.97 0.274 0. 1580 0437/0 0375'0.0282} 0.0267 | 0 0197 
15 3.43 0. 480 |0.2770. 80R0 0606,0.0465| 0.0433 0.0292 
/ | Pa ae ace) a 
6 Relative color 
intensity, re- | | | 
ferred to Sys- | 
stem A, for | | 
readings be- | 
tween 20 and | 
a 7.4 | 12.44 46 | & | 70 74 106 





* From a portion of Curve B, Fig. 1, of Sendroy (1939). 
| +t From the blue color Curve B, Fig. 2, of Sendroy (1939). 
t See foot-notes 3 and 5. 

§ Water was added to 100 ec. volume in each case. 


Effect of Variation in Light Transmission by Different Filters— 
When filters of the Evelyn series transmitting below 490 my 
in the visible portion of the spectrum were used, it was found 
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that, as the approximate mean wave-length of maximum light 
transmission of the filters decreased, galvanometer readings for 
the same solution also decreased (Curves A, B, and C, Fig. 1). 

Since under these conditions no apparent peak of maximum 
absorption for yellow iodine solutions was found in the visible 
range, the Ultra group of the Corning Glass series (polished glass) 
was tested. These filters transmit light within a near ultraviolet 
range of maximum approximately 365 my, while absorbing the 
visible rays (No. 584, 5 and 8 mm., No. 585, 2.3 mm., No. 586, 
5 mm. (Melt No. 156), No. 587, 5 mm., and No. 597, 5 mm.). 
Of this group, the filters No. 584, 5 mm., No. 584, 8 mm., and 
No. 586, 5 mm., in the order named, showed light absorption 
increasingly greater than that obtained with a No. 400 filter. 
Apparently, there is enough ultraviolet light transmitted from the 
lamp source to activate the photoelectric cell for measurements 
of low concentrations of iodine. Light transmitted by the other 
filters of this series was poorly absorbed by solutions of the same 
concentrations. Experimental details for readings with filters 
No. 584-8 and No. 586-5 are given in Table I, and the curve 
(Curve G) for the latter, in Fig. 1.5 

The relative color intensities of iodine in Systems B, C, F, and G, 
referred to System A, given in Table I, indicate the increased 
sensitivity of measurement obtained when filters of transmissions 
of decreasing wave-lengths are used for the analysis of iodine in 
solutions of otherwise exactly the same composition. With the 
filter No. 586-5, the iodine concentrations of solutions analyzed 
by yellow color readings are only twice those of solutions analyzed 
by blue color readings.® 


’ The Corning Red Ultra No. 584 filter is made in stock polished thick- 
nessof5mm. The 8 mm. thickness used here was obtained from the manu- 
facturer on special order. ‘This filter transmits light within the near ultra- 
violet range of 334 to 404 (maximum 365) mu. The Corning Violet Ultra 
No. 586 filter is made in stock thickness of 5mm. _ It transmits light within 
the near ultraviolet range of 328 to 388 (maximum 360) mu. Our filter was 
made from Melt No. 156. 

* Of further interest is the fact that as the filter transmission maximum 
in my decreases the more nearly does the calibration curve approach a 
straight line. Even when plotted on a much larger scale, Curve G (Fig. 1) 
is a straight line, from the origin to a concentration of 0.06 milliequivalent 
of iodine per liter. Curve J, for blue color readings, is also a straight line, 
but does not pass through the origin (Sendroy (1939), Curve B, Fig. 2). 
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Effect of Solution Composition—By changing the composition 
of the solvent, there could be obtained a real or apparent increase 
in color of iodine determined with the same filter, as shown in the 
following experiments. 

The effect of increased potassium iodide concentration is shown by 
a comparison of the relative color intensities of Systems C and D, 
and of Systems G and H (Fig. 1 and Table I, respectively). An 
increase of KI from 0.06 to 1.0 per cent, other conditions remaining 
the same for the two color systems compared, gave about 40 per 
cent more “effective” color in both cases. For System C, the 
addition of larger amounts of KI, to 40 per cent, resulted in still 
greater light absorption by the solutions, with an increase in 
relative color intensity to 26.0, or about 110 per cent more “‘effective”’ 
color. 

The increase in “effective’”’ color measured in these experiments 
was not a result of extra iodine produced by hydrolysis or photo- 
oxidation of the KI, for in each case the readings were made 
against an appropriate blank prepared simultaneously with the 
measured sample and containing the same concentration of KI. 
It was indeed observed that as time elapsed, the higher the KI 
concentration, the faster and greater was the actual production 
of free iodine, presumably by hydrolysis or photooxidation. Thus, 
for System C, when the blank for the 40 per cent KI tube was read 
against distilled water, the readings decreased from 75° to 35° 
in 20 minutes. However, throughout this period of rapid change 
of the blank, readings for a 0.16 milliequivalent iodine solution 
(against the same blank set each time at 100) were constant at 
11, the production of extra iodine proceeding pari passu in both 
tubes, while the original increment in color remained constant. 
Because of these rapid changes, augmentation of “effective” color 
with increased KI beyond 1 per cent is not a practicable analytical 
procedure. 

The effect of ethyl alcohol in the solvent is shown by a comparison 
of the color Systems C and E, and of Systems G and I (Fig. 1 
and Table I, respectively). The effect of 40 per cent ethyl alcohol 
(40 cc. of 95 per cent alcohol, filtered before use, in 100 ec. of solu- 
tion) was a little greater than that of 1 per cent KI, in the augmen- 
tation of “effective” color for light absorption at both 400 and 
360 mu. 
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In contrast to the effect of KI, there was little or no color de- 
veloped in the blanks initially or on standing, the color values for 
all tubes being entirely stable for at least 1 hour.” Augmentation 
of “effective” color by addition of ethyl alcohol to 40 per cent 
by volume is analytically practicable. 

Simple Modification of Evelyn’s Apparatus for Readings in 
Near Ultraviolet—The use of near ultraviolet selective filters 
requires light of greater intensities than those originally provided 
for in Evelyn’s (1936) apparatus. The necessary increased voltage 
imposes such a strain on the regular No. 31 (0.3 ampere, 6.2 volts, 
five cell) flashlight lamp as to limit its life to 1 or 2 days use. We 
have overcome this difficulty by the following changes in source of 
light and power supply for the Evelyn instrument made by 
Rubicon. 

In place of the No. 31, there is mounted a No. 965 T 4} (0.5 
ampere, 9.6 volts, eight cell) Mazda flashlight lamp.* The slightly 
larger size bulb and the possibility of increased heat effects neces- 
sitate the use of the adapter made of metal or opaque plastic, 
shown in Fig. 2. When the adapter is inserted in the receptacle 
usually holding the lamp reflector, the distance between the tip of 
the lamp bulb and the filter surface is the same as in Evelyn’s 
arrangement. Also, the ventilation slots and the increased dis-: 
tance of filament from the filter tend to minimize increased heat 
generation effects. For power, supplied by a battery of storage 
cells, 10 volts should be used. 

Since photoelectric fatigue and temperature effects are stated to 
be negligible in the original instrument (Evelyn, 1936), we have 
tested our modified arrangement for such possible effects. In 
actual use, this arrangement has shown extreme stability, with no 
sign of photoelectric fatigue. Heating may also affect readings by 
a change in temperature of the solution when read (Sendroy, 
1939) or by changing the light transmission of the filter. Com- 
parative tests with a No. 400 filter, under the original and under 
the modified conditions, have shown a difference of only 1° in 


7 When alcoholic solutions are poured into the color tubes, air bubbles 
may be formed, which, if allowed to remain during the readings, will 
lead to error. With gentle tapping, and on standing for a minute, such 
bubbles rise to the surface and disappear. The tubes containing the color 
solutions should be stoppered during the reading period. 

*We purchased these lamps (Westinghouse) from Sears, Roebuck and 


Company. 
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the temperature rise of 10 cc. of water in a tube kept standing in the 
apparatus for } hour. For most readings, as usually made, this 
effect is negligible. Calibration curves obtained with various 
filters in the modified apparatus were sometimes slightly different 
from values previously determined with a 6.2 volt lamp. The 
difference in readings was one-quarter to one-half a scale division 
(0! or 0?). This is probably a heat effect on light transmission 
through the filter. For maximum accuracy, calibration curves and 
analyses should be obtained under the same conditions. 


A. ! B. Cc. 
04cm. 
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Fig. 2. Adapter for use of 9.6 volt lamp in the Evelyn (1936) photoelectric 
colorimeter; A cross-section of present receptacle for lamp reflector, 
B cross-section of adapter, and C front view of adapter. 
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The following additional observations have been made in 
practical use. The modified arrangement was suitable for read- 
ings with all filters from 720 to 360 my. The increased light 
intensity permitted the use of 6 cc. sample readings under con- 
ditions previously requiring 10 ec. samples. The voltage drop 

* Although we have not tested it with that purpose in mind, it seems 
quite possible that the modified arrangement described would be advan- 
tageous in the use of the micro attachment with highly selective filters calling 
for higher than macro voltages. 
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across the 9.6 volt lamp terminals was 6.2 volts with a 10 volt 
source (actually 9.2 volts), filter No. 586-5, ‘brighter’ switch on; 
and 2.2 volts with filter No. 660, “brighter” switch off. The 
current drain for measurements through filter No. 400, with the 
9.6 volt lamp and a 10 volt source, “brighter”? switch on, was 
390 milliamperes, compared with 260 milliamperes with the 6.2 volt 
lamp (no adapter used) and a 6 volt source, “‘brighter’’ switch on. 


DISCUSSION 


Of interest in connection with our work, the more important 
studies have been made by Martens (1902), Lachman (1903), 
Crymble, Stewart, and Wright (1910), Massol and Faucon (1917), 
Stewart and Wright (1917), Stobbe and Schmitt (1920), Julius, 
Ornstein, and Burger (1921), Brode (1926), Gréh (1927), Getman 
(1928), Batley (1928), Bovis (1928, 1929), Gréh and Papp (1930), 
Chirnoaga and Chirnoaga (1934), Walker (1935), Pamfilov and 
Teis (1936), Hock and Knauff (1936), and Cennamo (1939). 

It appears that iodine colors, which vary throughout a wide 
range, from violet through red and brown to yellow, may be 
roughly classified into two groups, violet and brown. The violet 
colors, obtained when the solvent used has no dipole moment 
(CeHe, CCh, CS:, hexane, etc.) have been found to yield spectra 
similar to that of the atomic vapor of iodine, with absorption 
maxima in the range of wave-length 500 to 520 my. The brown 
colors, on the other hand, obtained in “unsaturated”’ or “active” 
solvents having a dipole moment (H,O, KI solutions, C,H;OH), 
have been found to yield spectra of “solvated” or molecular 
addition compounds of iodine and the solvent, with absorption 
maxima in the region of wave-lengths from 445 to 480 my. Peaks 
of maximum absorption have also been observed in the ultra- 
violet region, particularly at about 365 mu. 

The increased “effective” color with KI is probably the result 
of an increased production of the addition compound in the re- 
action 


KI + lL, KI; 
with resultant changes or shifts in the spectrum of iodine. The 


effect of ethyl alcohol, as in the case of KI, is probably a mani- 
festation of “solvation” or molecular addition compound forma- 
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tion. For KI and alcohol solutions, the effects of which have 
been found very similar, most of the above authors have obtained 
a peak of maximum absorption at about 440 mu (Martens (1902) 
gave a value of 420 mu). Brode (1926) found no maximum ab- 
sorption in the visible range for KI or alcoholic iodine solutions, 
but sharp peaks at 361 and 292 mu. 

Although, in agreement with Brode (1926), we have found no 
apparent maximum absorption peak for iodine with any of the 
filters used, but rather a continuous tendency toward increased 
absorption steadily from 490 to 360 my, there might be the pos- 
sibility that such a peak, perhaps a small one, between 490 and 
420 mu, could be undetected in our photoelectric experiments. 
It is precisely within this region that most maxima have been re- 
ported. For this reason, we have begun an investigation, to be 
reported in the future, of the absorption curves of dilute iodine 
solutions under various conditions. 

It will be sufficient, at this time, to state that preliminary results” 
for iodine in dilute KI solutions indicate no absorption peak what- 
ever in the visible range from 600 to 400 my. Decreasing trans- 
mission is continued in the near ultraviolet region to approximately 
355 mu, where a definite minimum is found. The experimental 
results reported in this paper are in accord with such curves. 

As for the primary purpose of this work, the object has been 
attained; namely, the extension of photoelectric yellow color 
readings for iodine to dilutions previously requiring analysis 
as the blue starch-iodine compound. In color System I the iodine 
concentrations at 30 per cent transmission are only about 1.4 
times the concentrations read in the blue color System J (Fig. 1). 
Although each type of analysis presents its own problems and 
may not be susceptible to general treatment, it may be concluded 
that one technique, namely yellow color reading, will suffice for 
most analyses of iodine with the Evelyn photoelectric colorimeter. 


SUMMARY 


The photoelectric microdetermination of iodate and iodine 
(Sendroy, 1939) has been simplified and made more convenient by 
increasing the sensitivity of yellow color readings to a point ap- 

” We are indebted to Dr. George I. Lavin and to Dr. M. N. States for 
these absorption curves, 
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proximating that of blue color readings in very dilute solutions. 
This has been done by the use of several selective filters efficient 
at the lower wave-lengths in the visible or in the near ultraviolet 
portion of the spectrum. A further increase in sensitivity was 
obtained by the addition of KI or ethyl alcohol to the solutions 
analyzed. A simple modification of Evelyn’s (1936) photoelectric 
colorimeter, increasing the range of its readings to the near 
ultraviolet, is described. 


We are indebted to Edward J. Fitzsimons for the major portion 
of the analytical work of this paper. 
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NOTE ON THE PHOTOELECTRIC MICRODETERMINATION 
OF CHLORIDE IN BIOLOGICAL FLUIDS 


By JULIUS SENDROY, Jr. 


(From the Department of Experimental Medicine, Loyola University School 
of Medicine, and Mercy Hospital, Chicago) 


(Received for publication, October 13, 1941) 


In the author’s system of chloride analysis with silver iodate 
(Sendroy, 1937, 1939, a), colorimetric estimations of liberated 
iodine may be made by photoelectric measurements of yellow 
iodine color with a No. 490 filter, or of blue starch-iodine color 
with a No. 600 filter (Sendroy, 1939, b). In the preceding article 
(Sendroy and Alving, 1942) methods of increasing the sensitivity 
of yellow color measurements have been outlined. 

For reasons discussed in the above papers, for analyses of 
chloride in protein-free filtrates of blood or serum, blue color read- 
ings have been prescribed only for the very rare occasions when 
0.2 cc. or less of filtrate sample is available. However, even the 
smallest practical amount of supernatant fluid (0.1 cc., representing 
0.01 cc. of serum, diluted to 20 ce. for color readings)! will be 
adequate for yellow color readings if a No. 420 filter is used. Anal- 
ysis of the smallest samples by yellow color measurement with a 
filter of maximum transmission at lower wave-length than 490 
my has the advantage not only of greater convenience but of elim- 
inating the need for a filter (No. 600) which is not furnished as 
standard equipment with the Evelyn colorimeter. When there is 
a sufficiency of serum or blood filtrate, as will almost always be the 
ease, and yellow color readings would be made as originally pre- 
scribed, an increase in sensitivity of such readings would seem to 
be superfluous. Nevertheless, here again, there is the practical 

Smaller samples of supernatant in the chloride analysis of serum or 
other fluids could be analyzed, when necessary, by the use of filter No. 400, 
or No. 586 Violet Ultra, 5mm. thickness. Even greater increases of relative 
color intensity may be obtained by change in the solvents used for final 
dilution, as shown in the preceding paper. 
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Photoelectric Measurements with Filter 420 Compared with Titrimetric Results, 
in Analyses for Chloride by Silver Iodate Method 








Chloride found 





Material analyzed* Titri- 

| metri- Photoelectricall yt 

cally 

| per 

oy | mM per |. =. 

tion 

0.05 m NaCl Dilution, 1:10 in 50.2, 49.4 (49.8) —0.4 
ae. ™ 0.085 m H;PQ,. For 74.7, 75.0 (74.9) —0.1 
—- = |  eolor, 0.5 ec. super- 99.5, 101.5 (100.5) [40.5 
— - | natant, 1.9 ec. 0.085 124.9, 124.8 (124.9) |-0.1 
a 6 M H;PO,, 5cc. H.O, 152.5, 153.5 (153.0) |+2.0 


1.2 ec. 5% KI, di- 
luted to 100 ec. 


Humant serum | Tungstic acid filtrate, 106.1} 105.2, 104.8 (105.0) |—1.0 
1:10. For titra- | 101.9) 102.8, 101.8 (102.3) |+0.4 
tion, 0.5 ce. super- | 103.0) 103.4, 102.8 (103.1) |+0.1 
natant. For color, 106.3) 105.5, 104.8 (105.2) |—1.0 
0.5 ce. supernatant, 106.7) 106.7, 106.7 (106.7) 0.0 
24 cc. 0.085 m | 105.1) 105.5, 104.8 (105.2) |+0.1 


H;P0,, 5 ee. H,O, 
1.2 ec. 5% KI, di- 
luted to 100 ce. 








Human§ blood | Tungstic acid filtrate, 86.3) 86.4, 85.0 (85.7) —0.7 
1:25. For titra- | 91.7) 91.7, 92.0 (91.9) +0.2 
tion, 1.0 cc. super- | 78.1) 78.7, 79.4 (79.1) +1.3 
natant. For color,| 80.9} 78.7, 79.4 (79.1) —2.2 
1.5 cc. supernatant,) 75.2) 75.2, 75.2 (75.2) 0.0 
0.9 ec. 0.085 m | 80.9) 80.0, 81.4 (80.7) —0.2 
H;P0Q,, 5 ce. H,O, 

1.2 ec. 5% KI, di- 
luted to 100 ce. 
Average..... ; +0.6 


The figures in parentheses are averages. 

* Dilutions of supernatant fluid for color readings were made in accord- 
ance with the outline for color System B, Table I, of Sendroy and Alving 
(1942). For samples of different sizes, addition of reagents and final dilu- 
tion should be made exactly in proportion to the above. 

t Values for color solutions, found photoelectrically from a calibration 
curve corresponding to Curve B, Fig. 1, of Sendroy and Alving (1942), 
plotted in terms of mm of iodate per liter (or from Curve B directly, and 
divided by 6), were used to calculate chloride (Sendroy (1939, b), Equation 
3, p. 615). 

t The blood samples were exposed to air, no precaution being taken to 
prevent migration of chloride from cells to serum. 

§ See foot-note 2. 
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advantage of substituting the same filter (No. 420) which is pro- 
vided as standard equipment for one (No. 490) which is not. 

For the foregoing reasons, in the interests of convenience and 
simplicity, all photoelectric measurements of chloride in serum and 
whole blood by the author’s silver todate method should be made with 
a No. 420 filter according to the color System B, outlined by Sendroy 
and Alving ((1942) Table I). 

Table I of the present paper indicates the details of technique, 
and the results obtained in the modified procedure for chloride 
analyses of salt solutions, serum, and whole blood,? when carried out 
in accordance with the above recommendation. Comparison with 
values for chloride known to be present or found by the ti- 
trimetric technique (Sendroy (1937, b) p. 411) indicates that the 
results are at least as good as those previously obtained with the 
No. 490 and No. 600 filters, as originally described. 
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? It has occasionally been observed in this and other laboratories (Cullen 
and Leva, personal communication) that exceptional samples of whole 
blood, usually polycythemic, do not yield clear, colorless tungstic acid 
filtrates when deproteinized according to directions (Sendroy (1937, a) p. 
354), although the ratio of the precipitant to blood is 15:1 as against 9:1 
used by Van Slyke and Hawkins (1928). Apparently, the change in final 
dilution from 10 to 25 volumes, with consequent decrease in strength of the 
reagents, accounts for the inadequate deproteinization. The remedy in 
such cases is obviously an increase in the amounts of precipitant and acid 
used. As a matter of fact, the first two samples of whole blood in Table I 
were abnormal and required 18 cc. of tungstic acid reagent (instead of 
15 ce.) and 0.68 m H;PQO, (instead of 0.34 m), for complete precipitation of 
proteins. 
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The estimation of sulfhydryl groups in native and in denatured 
proteins by titration with porphyrindin, a method first used by 
Kuhn and Desnuelle (10) and later developed and studied by one 
of us (6-8), has yielded much information concerning the distribu- 
tion of these groups in the proteins. The advantages in the use 
of this dye for the estimation of mercaptan groups include (a) the 
rapid and stoichiometric reaction involved, (6) the lack of any 
effect on the dye by the presence of protein-denaturing agents 
(guanidine salts and urea derivatives), and (c) the fact that the 
reaction takes place at neutral pH. The disadvantages include 
(a) a long and costly synthesis of the dye, (b) a difficult visual end- 
point, (c) a loss in titer of the dye on standing in aqueous solution, 
and (d) the fact that the dye is reducible not only by mercaptan 
but also by tyrosine groups (4). 

The first disadvantage has been partly overcome by simplifica- 
tions in the synthesis introduced by Porter and Hellerman (12). 
The second disadvantage has been overcome by employing nitro- 
prusside as an outside indicator; 7.e., by conducting the titration 
to the point where the —SH reaction with nitroprusside becomes 
negative. This method has been described in detail by Green- 
stein and Edsall (7) and has also been successfully employed by 
Anson (1) with various oxidizing agents. The third disadvantage 
has been obviated by standardizing the porphyrindin solutions 
against cysteine throughout the course of the titration with protein 
(6). In order to avoid the fourth disadvantage, the titration 
method was so devised (7) as to provide a stepwise and quite rapid 
estimation of the protein mercaptan groups, since the reaction of 
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porphyrindin with hydroxyphenyl groups is very much slower 
than with mercaptan groups. Inasmuch as the possibility never- 
theless persisted that the tyrosine radicals interfered with the 
titration of protein mercaptan groups, it was considered desirable 
to investigate this problem further. For this purpose: cysteine 
was added to solutions of denatured and in some cases previously 
oxidized proteins, and the cysteine so added titrated in the cus- 
tomary manner (7) with porphyrindin. The amount of cysteine 
recovered indicated that little or no interference by the non- 
mercaptan reducing groups in the proteins studied was encoun- 
tered. 
Procedure 


Several aliquots of a neutralized solution of cysteine hydro- 
chloride were added to solutions of various proteins in either 8 m 
guanidine hydrochloride or in 1 m glycine.!. The cysteine solu- 
tions were standardized against iodine. The added cysteine was 
estimated in the presence of the denatured proteins by the stepwise 
procedure with porphyrindin, the titration being conducted to a 
negative nitroprusside end-point (7). The pH of the cysteine- 
protein mixtures varied from 6.4 to 6.8. The temperature was 
25°. The time which elapsed between the addition of the cysteine 
to the protein and the beginning of the titration varied from 5 to 
10 minutes. Titrations of cysteine in the protein solutions and 
in water alone with porphyrindin were conducted simultaneously. 
The reaction of the dye with cysteine alone was nearly instanta- 
neous. The mixture of cysteine and protein, however, reacted 
more slowly with porphyrindin, and this rate of reaction was 
almost identical with that observed in the titration of mercaptan 
groups in denatured proteins. The time required for the added 
porphyrindin to oxidize completely the mercaptan groups present 
in a cysteine-protein mixture, or in a solution of denatured protein, 
was found to be approximately 30 séconds. Invariably, however, 
a full minute was allowed for this purpose. It is possible that the 
difference in the rate of titer of the cysteine in water alone and in 

1 Anson and Stanley (2) have rightly emphasized the necessity of using 
a pure grade of guanidine hydrochloride. The most satisfactory method of 
purifying this salt has been to dissolve it repeatedly in dry methanol at 
room temperature, and after filtering clear, to precipitate with an equal 
volume of anhydrous ether. The guanidine hydrochloride so obtained is 
neutral in reaction and free from possible oxidizing impurities (8). 
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the presence of the protein is due to the fact that, in the latter 
case, the mercaptan groups which are being titrated belong not 
to the added cysteine but to —SH radicals in the protein produced 
by reduction of the protein disulfide groups through action of the 
added cysteine. 

The proteins used were of three types (6); namely, (a) amandin, 
in which sulfhydryl groups do not appear either in the native or 
in the denatured states of the protein (6), (b) horse serum albumin, 
in which sulfhydryl groups appear only in the denatured state of 


Taste | 
Titration of Cysteine with Porphyrindin in Presence of Denatured Prote’ ns 

















Cys- 
| n H , 
ht ag 
Pree Magen |i protein) one, | ting | added 
PSH |. | ised "mine | 3°, 
| groups pro- tures 
teins 
| mM xX | per | mM xX | mm X 
16 cent 108 108 cent 
Amandin, | ec. 5.0% solu- | 8 M guani- | 0 0 8.0| 3.9 97 
tion in 5.0% NaCl dine HCI | | 16.0} 7.6) 9% 
32.0} 15.8) 98 
Horse serum albumin, | ce. = “ | 0.16 | 0.08 | 8.0 | 4.0 | 100 
4.9% solution | | (16.0) 7.9) 98 
| | | 32.0) 15.2) 95 
Rabbit myosin, 1 ce. 1.0% | “i “ | 0.49 | 1.19} 8.0) 3.7| 92 
solution in 0.5 m KCl 16.0| 7.6) 95 
| | | 32.0| 15.4| 96 
me) ‘Imglycine|O | 0 | 8.0} 4.0} 100 
| 16.0) 7.9| 98 
| 16.0 | 100 


| 32.0. 


the protein (6), and (c) rabbit myosin, in which sulfhydryl groups 
are present when the protein is native, and either increase in 
amount when guanidine hydrochloride is added, or vanish when 
glycine and other ammonium salts are added (7).2_ Before the 
cysteine solution was added to solutions of serum albumin or of 
myosin in guanidine hydrochloride, the free —SH groups of the 
denatured proteins were exactly oxidized by the addition of the 


? Horse serum albumin contains 4.65 per cent tyrosine (5). Myosin con- 
tains 3.38 per cent tyrosine (3). No data on the tyrosine content of 
amandin are available, but the protein gives an intense Millon reaction. 
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appropriate amount of porphyrindin. Cysteine was also added 
to a solution of native myosin in which the free —SH groups had 
been caused tq disappear by the addition of glycine (7). Neither 
guanidine hydrochloride nor glycine interferes with the porphyrin- 
din titration or with the selected end-point (6, 1). 

The data are given in Table I. 


DISCUSSION 


The data in Table I reveal that the cysteine added to a solution 
of denatured protein can be nearly completely recovered by subse- 
quent titration with porphyrindin. It is immaterial, apparently, 
whether the mercaptan titrated belongs to the added cysteine or 
whether it arises from disulfide groups in the protein which have 
been reduced to sulfhydryl by the added cysteine. In any event, 
there appears to be little or no interference by the non-mercaptan 
reducing groups of the denatured proteins when the method de- 
scribed (7) is closely followed. 

Since the earlier investigations on estimating sulfhydryl groups 
in proteins by the use of porphyrindin were reported (6-8, 14), 
a number of similar studies employing a wide variety of oxidizing 
agents for sulfhydryl titrations have appeared in the literature 
(1, 2,9, 11,13). The data have been obtained on two well defined 
proteins, egg albumin and the tobacco mosaic virus, and are given 
in Table II. 

With few exceptions, the data in Table II for each of the pro- 
teins studied show substantially good agreement. It must be 
remembered that one is dealing here as a rule with the oxidative 
titration by a variety of agents of autoxidizable groups in colloidal 
materials. Nevertheless, the results of Anson, Hellerman, and of 
Greenstein on egg albumin in guanidine and in duponol are nearly 
the same (Table II). Using the same denaturing agents, Mirsky 
obtained values for this protein somewhat lower than those ob- 
tained by the above investigators. The values of Rosner are the 
lowest of those given for egg albumin in Table II, and it may be 
that this is due to the fact that a substituting and not an oxidizing 
agent was employed for the titrations. 

It is clear that the sulfhydryl group content of denatured pro- 
teins can be estimated by a wide variety of oxidizing agents. In 
the case of the tobacco mosaic virus all of the protein sulfur is 
accounted for as sulfhydryl sulfur (2). In the case of egg albumin, 
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about two-thirds of the cystine-cysteine sulfur is accounted for as 
sulfhydryl (6) (Table II). The sulfhydryl sulfur content of the 
denatured proteins studied so far has always been either less than 


Tasue II 
Sulfhydryl Groups of Denatured Proteins 

















—SH 
Protein Bibliographic reference Denaturing agent Titrating agent pa 
teine 
per 
cent 
Tobacco mo- | Stanley and Lauf- | Guanidine HCl | Porphyrindin| 0.76 
saic virus fer (14) | 
- ns Anson and Stanley | = “| Ferricyanide,| 0.71 
(2) | | tetrathi- 
onate, or 
| | mercuric 
| | benzoate 
“ as Stanley and Lauf- | Urea Porphyrindin| 0.70 
fer (14) 
Egg albumin | Greenstein (6) Guanidine HCl < 1.28 
“ " Anson (1) - ‘« | Ferricyanide,) 1.24 
tetrathi- | 
onate, or 
mercuric 
benzoate 
e “ 4s Duponol 4 not RA 
si - Hellerman et al. (9)) Guanidine HCl | o-Iodosoben- 1.32 
zoate 
” ™ Mirsky (11) . oe Ferricyanide | 0.96 
- = sas Duponol = 0.96 
“a a 7 | Urea we 0.96 
" Greenstein (6) ss Porphyrindin| 1.00 
” 7 Rosner (13) si Iodoacetate 0.87 


or equal to the total cystine-cysteine sulfur of the proteins (2, 6-8) 
(Table II).' 


° Egg albumin and the tobacco mosaic virus protein are two proteins 
whose —SH contents are revealed to nearly the same extent in urea and 
in guanidine hydrochloride. This does not mean that the two denaturing 
agents are necessarily equal in effect, since in the case of egg albumin 
the maximum —SH value is revealed at 8m guanidine and at 16M urea. 
In the case of myosin (7) 8m guanidine hydrochloride liberates nearly 
twice as many —SH groups as does 16M urea, and the effect of these 
agents on the physical properties of the protein is also in this order. 
The guanidine halides are much more powerful denaturing agents than 
urea (6). 
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SUMMARY 


1, Cysteine was added in varying amounts to denatured pro- 
teins, and was nearly quantitatively recovered by subsequent 
titration of the mixtures with porphyrindin. This indicated little 
if any interference in the titration by other reducing groups of the 
proteins. The latter react too slowly under the conditions 
employed. 

2. The data on the sulfhydryl group content of denatured 
tobacco mosaic virus protein and of egg albumin, obtained by the 
use of various oxidants and soluble denaturing agents, have been 
compared and discussed. In general, the results obtained by 
different investigators using diverse methods have been in sub- 
stantially good agreement. 
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Aub, Fairhall, Minot, and Reznikoff (1) in their classical study 
of lead poisoning introduced certain therapeutic principles which 
today constitute the accepted treatment of this disease. They 
suggested the use of calcium during the stage of acute toxicity in 
an attempt to remove the lead from circulation by depositing it 
in the bones, and the use of certain substances, notably acids and 
acid-forming salts, during the chronic phases, by means of which 
the deposited tertiary lead phosphate is converted to the much 
more soluble secondary phosphate, permitting its mobilization and 
excretion. 

This latter phase of the treatment is not without its dangers, 
for mobilization of lead by the acid treatment has been known to 
cause the reappearance of toxic symptoms. In the light of present 
knowledge that in the case of calcium its physiological effects 
depend on the calcium ion rather than total calcium (2), it seems 
logical to assume that the lead ion is that fraction of the lead in the 
body which is responsible for the toxic manifestations of plumbism. 
Since a conversion from tertiary lead phosphate to the more soluble 
secondary phosphate entails an increase in lead ion concentration, 
it is seen why such a process occurring in the organism under the 
acid treatment might bring about the recurrence of toxic symptoms. 

It has long been known in chemical analysis that sodium acetate 
will dissolve the relatively insoluble lead sulfate by the formation 
of a soluble, poorly dissociated lead acetate complex ion which 
lowers the concentration of lead ion to such an extent that its 
precipitation is prevented. It occurred to the author that this 
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phenomenon might be applicable to the problem of dissolving the 
insoluble lead compounds of the body tissues, making more lead 
available for excretion with no increase in lead ion concentration. 
A preliminary survey of the solubility of lead phosphate in dilute 
solutions of organic ions! disclosed the fact that, while the solvent 
effect of acetate, formate, ascorbate, and tartrate ions was not 
striking, citrate in very dilute solution (0.002 m) had a powerful 
solvent action on the insoluble lead phosphate. 

The present work was undertaken in an attempt to determine 
the nature of the lead citrate complex and its degree of dissocia- 
tion by measurement of lead ion activity in solutions containing 
lead and citrate ions. 


EXPERIMENTAL 
The lead ion activities were determined potentiometrically by 
the cell 


Pb | Pb** | saturated NH,NOs | normal calomel electrode 


That such a cell can be used satisfactorily to measure lead ion 
activity has been demonstrated by others (3-5). After a trial 
of numerous designs which included cells with amalgam electrodes, 
cellophane-covered electrodes, oxygen-free cells and solutions, and 
flowing liquid junctions, it was found that the cell described gave 
constant and reproducible potentials. The electrode consisted 
of a strip of pure lead coated with paraffin except for an area of 
about 2 sq. em. at one end. These electrodes were cleaned im- 
mediately before use by immersion in nitric acid (1:4) for 3 min- 
utes, followed by repeated rinsings in distilled water and final 
immersion in a solution identical with the one to be used in the 
cell. This treatment gave to the exposed area a uniformly crystal- 
line, lustrous surface. The electrode was then immediately 
introduced into the solution contained in a glass concentration 
cell so that the exposed area was well below the surface of the 
liquid. This prevented the rapid oxidation of the lead at the 
interface between solution and air, and obviated the necessity for 
oxygen-free apparatus. The electrode deep in the solution did 
not oxidize appreciably until long after a constant potential had 


! Kety, S.S., a paper read before the Undergraduate Medical Association 
of the Medical School of the University of Pennsylvania, April 4, 1940 
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been reached. An inverted U-tube filled with the same solution 
as that in the cell and plugged with cotton at its distal end con- 
nected the cell to a saturated solution of ammonium nitrate into 
which the side arm of the calomel electrode dipped. Thus liquid 
junction was established without danger of contamination to the 
solution in contact with the electrode. The relative simplicity 
of this form of concentration cell made possible the simultaneous 
determination of solutions in batteries of four to eight cells. 

The solutions of which the lead ion activity was to be determined 
were made by combining varying proportions of accurately stand- 
ardized solutions of lead nitrate and the sodium salt of the organic 
acid. The pH of these solutions was determined potentio- 
metrically by means of a glass electrode. 

Equilibrium within the solution and between the solution and 
the lead electrode was usually attained within 30 minutes and the 
potential remained reasonably constant thereafter for several 
hours. Final readings were those which did not vary by more than 
0.2 millivolt in the course of 30 minutes at a constant temperature 
of 25°. Measurements of electromotive force were made by means 
of a type K potentiometer. 

As a preliminary to the investigation of the lead ion complexes, 
the lead ion activities in solutions of lead nitrate of different ionic 
strengths were determined in the cell described with the following 
formula, 


(1) E = 0.4064 — 0.02955 log app+ 


where E represents the observed potential, and 0.4064 represents 
the difference between the standard electrode potential (E°) of 
lead (0.1263 volt as determined by Carmody (6) and later desig- 
nated by Lingane (7) as the most reliable in the literature) and the 
potential of the normal calomel half-cell at 25° (—0.2801). From 
these values for lead ion activity were calculated values for the 
activity coefficient of lead ion (yp,++) at various ionic strengths 
from the relation yp,++ = @p,+/[Pb**]. These values for ypp+, 
since Equation 1 neglects the presence of an indeterminate liquid 
junction potential, have significance only in their relation to each 
other (assuming that the concentrated ammonium nitrate though 
it does not eliminate the junction potentials tends, nevertheless, 
to equalize them). The absolute values of yp,+, if indeed the 
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concept of individual ion activities has a basis in fact, remain 
indeterminate by present methods. Nevertheless, as will pres- 
ently be shown, the relative values as calculated above and 
plotted in Fig. 1 serve a useful purpose in the determination 
of unknown lead ion concentrations. 

In subsequent determinations each battery of cells contained 
at least one standard cell of known lead ion concentration (0.1 m 
lead nitrate) and calculation of the unknown lead ion concentra- 
tions was made with the use of a formula derived thus: From 


Yo 
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0.37 
0.87 


0.75 


as 
047 


0.34 ™, 


ee) 
02 a: es ee, ees, = 
Opn OF O2 O38 GF OS 06 





Fig. 1. Activity coefficients of lead ion in lead nitrate of varying ionic 
strength calculated from potentiometric data. 
Equation 1, using for convenience the concept p denoting the 
negative logarithm of the term it precedes, introducing the liquid 
junction potential, Z’, and representing by z and s the unknown 
and standard solution respectively, we obtain 
(2) E, = 0.4064 + 0.02955 pappt* + F 
(3) E, = 0.4064 + 0.02955 papptt + Ei 


Assuming, as before, that the use of the ammonium nitrate salt 
bridge equalizes the liquid junction potentials, Equation 2 is 
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subtracted from Equation 3, resulting in the following rearrange- 
ment. 

E, — E, 

0.02955 





(4) pappi* = pappi* + 


But since apps; = [Pb**] X ypptt at any ionic strength ya, 


Ez _ E, 
++ ++ =< ++ oe 1 NONE 
(5) pIPb**lz + prppz: = pIPb**l. + prPbi: + >) pogss 
whence 
Ez —E, YPb,t 
2 I} +t = + ‘- aan — 
(6) pIPb*'le = pIPb*'le + 9 09955 * P ypase 


where p[Pb**], in the case of the standard used equals 1, EZ, and 
E, are measured potentiometrically, and values for ypp*+ and 
Ypp{; are obtained from Fig. 1. Thus by the use of these 
standard cells factors such as the uncertainty of the E° for the lead 
and calomel electrodes, liquid junction potentials, impurities in 
the electrodes used, and variations in the potential of the calomel 
half-cell are minimized in the final result. 


Results 


In Fig. 2 are shown the changes in lead ion concentration re- 
sulting from the addition of increasing amounts of 0.1 M solutions 
of citrate, lactate, acetate, and ascorbate? ions to 0.1 m lead nitrate. 
In the case of citrate a precipitate (presumably Pb;Cit,) forms 
upon the addition of an equivalent amount of citrate which 
rapidly and completely dissolves in an excess of citrate. This 
alone is presumptive evidence for the formation of a poorly dis- 
sociated, soluble complex with lead. Citrate is unique among the 
ions studied in that it apparently forms a complex about 1000 times 
as effective as any of the others in its ability to bind lead. 

The nature of the lead citrate complex is demonstrable from the 
following considerations. Assuming that its formula is the 
simplest possible, PbCit~, and that in its dissociation 


(7) PbCit- — Pbt+ + Cit™ 


? The ascorbic acid used was provided by John C. Wyeth and Brother, 
Inc., Philadelphia. 
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it follows the mass action law, then 
| [Pb**(Cit™] 
a [PbCit-] . 
p[Pb**] 
8.07 
CITRATE. 
7.04 ” 
£ 
6.0- | 
5.07 
ASCORBATE - 
5 hpieeeners: LACTATE ‘ 
4.07 aa ————— #2 
a ACETATE 
3.04 | 
2.074) 
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Fic. 2. Changes in lead ion concentration in 0.1 m lead nitrate upon the 
addition of sodium citrate, sodium ascorbate, sodium lactate, and sodium 
acetate. 
where A, represents the classical stoichiometric dissociation con- 
stant. Introducing the negative logarithm concept p 
(9) p[Pb**] + piCit*] — p|PbCit-] = pK, 


and rearranging, we obtain 
[PbCit-j 


»b*+] = pK, 
(10) pik |] = pK, + p Cie") 


In Equation 10 it is possible to substitute experimentally deter- 
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mined values as follows: [Pb**] is calculated from potentiometric 
data by Equation 6; [PbCit-] is equal to [total lead] — [Pb**], 
the latter being of such small dimensions that it may be disre- 
garded, whence [PbCit-] = [total lead]; [Cit™] is equal to [total 
citrate] — [PbCit~], it having been established by means of the 
Henderson-Hasselbalch equation that at the pH of the solutions 
studied practically all of the citrate is in the form of the tertiary 
10n. 


P Pb P tee 
, A y 4 
1.0° if: 
Paige 
Me 0.16 ay x ~ 
w 
é 
6.07 y, r /4—p= 049 TO 0.62 
s Pa 
Y ys 
ms 
{/ 








5.0+ ——— ; ™ 
pPbCit” 1.0 2.0 


Cit® 
Fic. 3. Proof of the validity of the formula PbCit~. Changes in lead 
ion concentration with changes in the ratio of PbCit~ to citrate ion. 





In Fig. 3 the validity of the assumed formula is tested. By 
plotting experimentally determined values of p[Pbt**] against the 
negative logarithm of the ratio [PbCit~]/[Cit™] it is seen that at 
two levels of ionic strength straight lines are determined of slope 
1, thus proving the validity of Equation 10 and establishing the 
formula of the complex as PbCit~, with a dissociation which con- 
forms strictly with the mass action law. It is of interest to note 
that this formula is in conformity with the complex ions CaCit~, 
MgCit~, and SrCit~ established by an entirely different method 
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TaBLe | 
Values for pK, of PbCit- Calculated from Potentiometric Data at 26° 

















nm Total , > YPbys » 
Total lead eiisate pH u E, — E, —p Pb; pK, 
mM per |. mae per l. x * om re Nis 
10.0 93.6 7.05 0.534 0.1605 0.140 5.37 
10.0 | 93.6 7.05 0.534 0.1607 0.140 5.38 
5.0 98.8 7.18 0.579 0.1716 0.155 5.38 
5.0 98.8 7.18 0.579 0.1712 0.155 5.37 
1.0 103.0 7.45 0.615 0.1921 0.168 5.33 
1.0 103.0 7.45 0.615 0.1921 0.168 5.33 
10.0 87.7 6.95 0.498 0.1594 0.124 5.38 
6.0 92.6 7.12 0.540 0.1681 0.142 5.39 
4.0 94.8 7.22 0.558 0.1737 0.148 5.37 
2.0 97.0 7.35 0.576 0.1834 0.154 5.38 
1.0 98.3 7.45 0.585 0.1923 0.158 5.36 
10.0 86.8 6.95 0.492 0.1595 0.122 5.39 
6.0 90.6 7.10 0.528 0.1678 0.138 5.39 
4.0 92.6 7.22 0.546 0.1731 0.144 5.37 
2.0 94.6 7.35 0.564 0.1829 0.150 5.37 
1.0 95.5 7.44 0.573 0.1920 0.153 5.37 
TaBLe II 
Values for pK, of PbCit- Calculated from Potentiometric Data at 25° 
++ 
At constant ionic strength 0.160, p = = ().134. 
Y bur 
Total lead Total citrate | pH E, — E, pK, 
mM per l. | mM perl sae _ | i. <u ae 
! 
0.5 27.0 7.43 0.1865 5.72 
1.0 | 27.0 7.36 | 0.1776 5.73 
1.0 | 27.0 7.35 | 0.1787 5.77 
2.0 | 28.0 | 7.22 | 0.1687 5.73 
20 | 20 =| 7.22 | 0.1692 5.75 
2.0 23.0 | 7.20 | 0.1692 5.75 
2.5 | 28.0 7.16 | 0.1959 5.74 
2.5 28.0 7.14 0.1672 5.78 
3.0 | 28.0 7.10 0.1622 5.70 
Average . 5.74 
+0.008 


Standard error 
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(2) but the lead citrate complex ion dissociates much less readily. 
Values for pK, of PbCit~ precisely calculated from the experi- 
mental data are presented in Tables I and II. It is seen that in 
the pH range of 6.95 to 7.45 this pK, is apparently independent of 
hydrogen ion concentration. 

This dissociation constant does, however, change with ionic 
strength, which is to be expected of all stoichiometric mass action 
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Fic. 4. Changes in pK, of PbCit~ with changes in ionie strength. Ex- 
trapolation to infinite dilution yields an approximate value of 6.50 for pKa. 


constants. The relation of K, to the thermodynamic dissociation 
constant, K,, may be expressed 


(11) x. ok YPb*+ YCit 
YPbCit- 

whence 

(12) pK, = pKa — = 


YPbCit- 
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At any particular ionic strength the value of the ratio ypy+r¢o4= 
/Yevcit- Should be less than 1 and pK, therefore less than pK,. 
Further, at infinite dilution, where all activity coefficients are 
equal to unity, pK, should equal pK,. In Fig. 4 are shown the 
changes in pK, with changing ionic strength. As the solutions 
became more dilute, measurements became increasingly difficult 
until at ionic strengths of about 0.03 the cells failed to maintain 
a constant potential. It is seen that the change in pK, is in accord 
with prediction and by extrapolating the average curve to infinite 
dilution a value of 6.50 is obtained for pK,. It should be pointed 
out, however, that the extrapolation is made from a part of the 
curve where experimental error is greatest ; consequently the value 
for pK, can be considered only a rough approximation. 











DISCUSSION 


Lead is known to exist in the body, like calcium, in non-diffusible 
and diffusible forms, of which only the latter is available for excre- 
tion through the membranes of the kidney and bowel. Without 
proof of the existence of soluble complexes of lead, the diffusible 
lead fraction must be thought to consist wholly of simple lead 
ion, the concentration of which is determined by the solubility 
products of the insoluble lead compounds present in the organism. 

Proof of the existence and nature of the lead citrate complex 
just presented casts new light on the state of the lead in the body. 
By rearrangement of Equation 8 it is seen that 

ym) _ APocit-[PbCit™] 
(13) [Cit™] = (Pb) 





and similarly for calcium 
Keacit |CaCit | 


(14) ICit™] = ICa**] 


Since in a solution in which both equilibria exist there can be but 
one value for [Cit™], 
(15) [PbCit ] Le Keacit x _ = ] 

[Pb**] Kpvcit [(Cat*] 


When the proper values are substituted for the dissociation con- 
stants of CaCit~ and PbCit~ at the ionic strength of blood serum, 
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as determined by Hastings and coworkers (2) and the author 
(Table Il) respectively, we obtain 
[PbCit-] _ [CaCit-] _ 6.03 X 10-* — [CaCit"] 


= —_——_—_— - -_ = — 1 
[Pb] ~ (Ca) “182x10*~ [Ca] ** 


(16) 
The value for the ratio [CaCit-]/[Ca**] in normal human blood 
serum is readily calculated as follows 


(17) [Cit™] = [total citrate] — [CaCit-] 


if the relatively insignificant amounts of citrate which are bound 
by magnesium and lead are neglected. By substituting this value 
for [Cit™] in Equation 14 the following relation is derived. 


[¢ vaCit™] [total citrate] 


[Ca] ~ Kcacit- + [(Ca**] 








(18) 


The concentration of total citrate in normal human plasma has 
been found by others (8, 9) to average 0.12 mm per liter, while the 
calcium ion concentration in typical normal human serum may be 
taken from the values reported by McLean and Hastings (10) as 
approximately 1.3 mm per liter. By appropriate substitution in 
Equation 18 the ratio [CaCit~]/[Ca**] is found to be 0.063, which 
in turn substituted in Equation 16 yields a value of approximately 
20 for the ratio [PbCit~]/[Pb**]. 

Hence the normal blood citrate is capable of keeping in solution 
and in presumably less toxic form an amount of lead 20 times as 
great as that which the solubility of the insoluble lead compounds 
of the body would otherwise permit. It thus appears, since only 
lead in soluble form should be available for excretion, that the 
citrate normally present in the blood constitutes an important 
physiological mechanism whereby the body rids itself of lead. 

The relationships in Equation 13 imply also that any increase 
in citrate concentration in the blood or urine should demand a 
corresponding increase in PbCit~ with no increase in Pb**, since 
the latter is determined by independent solubility constants. It 
has been adequately demonstrated by others (9, 11, 12) that the 
oral administration of citric acid and especially the alkaline citrates 
produces a great increase in the blood citrate level and in the 
urinary citrate excretion. It should follow then that the adminis- 
tration of citrates, by increasing the mobilization and excretion 





ee 


i cin ie a oe 





192 Lead Citrate Complex Ion 


of lead without increasing the concentration of toxic lead ion, 
would constitute an effective and safe therapy in plumbism. 


SUMMARY 


1. The citrate ion is shown to form with lead a soluble complex 
ion of the form PbCit~. The lactate, acetate, and ascorbate 
ions also form complexes with lead which dissociate much more 
readily. 

2. The stoichiometric dissociation constant (K,) of the lead 
citrate complex ion is determined for ionic strength from 0.615 to 
0.020 and at pH from 6.95 to 7.45 at 25°. At the ionic strength 
of blood (0.160) and in the physiological pH range the value of 
pK, for PbCit~ is 5.74 + 0.008 standard error. An approximate 
value of 6.50 is obtained for the negative logarithm of the thermo- 
dynamic dissociation constant for PbCit~. 

3. Evidence is presented that the normal blood citrate consti- 
tutes a physiological mechanism for the removal of lead from the 
body. 

4. It is suggested that the administration of citrates may con- 
stitute a safe and effective therapy in plumbism. 


The author is indebted to Dr. Jefferson H. Clark and the Phila- 
delphia General Hospital for the facilities placed at his disposal, 
and to Dr. J. Harold Austin, Dr. John G. Reinhold, and Dr. John 
G. Miller for helpful criticism. 
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ELECTROPHORESIS OF THE RABBIT PAPILLOMA 
VIRUS PROTEIN 
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The results of preliminary studies (1) on electrophoresis of the 
rabbit papilloma virus protein (2) have been described briefly 
in a recent note and mentioned further in association with findings 
on sedimentation, diffusion, and viscosity measurements (3) on 
the protein. The electrophoretic homogeneity and average mo- 
bility of the papilloma protein have been investigated in the pH 
range accessible with respect to stability and solubility of the 
material. A full account of the experiments is given in the present 
paper. In addition a procedure is suggested for characterizing 
boundary sharpness or spread based on the standard deviation of 
the Svensson curve and yielding values having the dimensions of 
a mobility. 

Material and Methods 


For study of the electrophoretic behavior of the rabbit papilloma 
virus protein the moving boundary method of Tiselius (4) was 
employed. The apparatus made use of a standard 11 ce. rectangu- 
lar glass cell. Concentration gradients at the boundary were 
photographed directly by means of a slightly modified Svensson 
(5) optical arrangement in which a straight filament tungsten lamp! 
of high intrinsic brilliance was substituted for the usual mercury 
arc, making possible the elimination of condensing lens and slit 
assembly. The advantages of the new system will be described 
elsewhere. 

! A straight filament tungsten lamp having a suitable spring arrangement 
to keep the filament taut was supplied through the kindness of Dr. H. C. 
Rentschler of the Westinghouse Electric and Manufacturing Company, 
Bloomfield, New Jersey. 
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The virus protein was purified in the usual way by ultracentrif- 
ugation of extracts of cottontail rabbit warts (2) and dissolved in 
buffer solution. The buffer solutions were prepared by dissolving 
for each liter 2.051 gm. of sodium acetate, 5.152 gm. of sodium 
veronal, and 2.922 gm. of sodium chloride. In making the solu- 
tion to volume, 5.0 N hydrochloric acid was included to give the 
desired pH. This system was chosen because it was desired to 
examine the papilloma protein over a wide range of pH in a single 
buffer system in which the protein was known to be stable and 
in which the ionic strength could be kept constant. Protein 
solutions were dialyzed at 0—5° with agitation and frequent changes 
of buffer until the conductivity of buffer and protein solutions 
became constant. Conductivity was measured at 0° in a specially 
constructed cell (6) by means of an audio frequency .c. bridge and 
suitable oscillator. Protein concentration was then found by 
micro-Kjeldahl nitrogen analysis. The boundary was estab- 
lished between protein solution and buffer in the electrophoresis 
cell at 0°, and a constant potential of 70 to 100 volts applied at 
the reversible electrodes. Under such conditions a current of 
about 0.015 ampere was obtained. Current measurements to 
about 0.1 per cent accuracy were made with a potentiometer 
and repeated frequently during migration, as the E.m.F. of the 
batteries used was subject to a small regular decrease over a period 
of 24 hours. These measurements together with the cross-sec- 
tional area of the cell permitted calculation of E (volts per em.) 
in the cell to be made with more than sufficient accuracy. 

During the migration the concentration gradient curves were 
observed on the ground glass of the camera, their development 
and progress noted, and frequent photographs taken. In most 
cases several such curves were photographed on the same base-line 
in order to show more clearly the change in shape with progress. 
Mobilities were calculated as velocities of the bisecting ordinate 
of the concentration gradient curve which is the same as the 50 
per cent concentration point on the concentration curve. 

For low mobilities on the alkaline side of the isoelectric point 
migration was allowed to proceed 16 to 24 hours. On the acid 
side, where mobilities were greater, the boundary moved an equiva- 
lent distance in 6 to 10 hours. 
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Results 


The pH range available for electrophoresis studies on the papil- 
loma virus protein is determined by its stability and solubility 
(7). In judging the stability range, the criterion infectivity 
rather than molecular stability has been applied. As judged by 
sedimentation studies, relatively little change in the molecules 
occurs between pH 2.9 and 10.0 in time ‘atervals significant for 
the present work. On the other hand, the pH region of the 
stability of infectivity is somewhat more restricted, lying in the 


TABLE I 


Electrophoretic Mobilities and H Values of Papilloma Virus Protein in Buffer 
Solutions of 0.1 Ionic Strength* 





Mobility Heterogeneity value 




















Protein | (U X 10° sq. em, sec.~' volt) (H X 108 sq. em, see. volt ') 
pH concen- er ee C1 , 
oe “Ascending Descending Mean Ascending |Descending| Mean 
mg. per ce. | | 
3.77| 4.5 3.85 3.61 3.73 
3.78| 3.4 3.87 3.67 3.77 | 0.74 0.74 0.74 
3.81| 3.4 | 3.27 3.45 3.36 | 0.43 0.65 0.54 
410; 3.3 | 251 | 2.42] 2:46 | 0.79 
5.00 0.00 | 
6.54 3.5 | -0.91 | —0.94 | -0.93 | 1.46 1.44 
6.56 2.7 | —1.08 | —1.04 | —1.04 | 1.07 | 1.28 1.18 
7.7 | 824 | —1.49 | (1.65 


* See the text for the preparation of buffer solutions. 


region between 3.5 and 8.0. In order to be reasonably certain 
that the results obtained represented the behavior of the intact 
virus protein, examinations were made only between the limits 
related to infectivity. The range was narrowed further by insolu- 
bility of the protein between pH 4.2 and 6.0. The pH values 
selected for study and the respective findings are shown in Table I. 
An approximate value corresponding to pH 5.0 is given also. 
This value was obtained in the previously reported (7) determina- 
tion of the isoelectric point by means of the Northrop-Kunitz 
chamber (8) and collodion particles. 

In Fig. 1 are photographs of the protein concentration gradient 
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curves of the boundaries seen at pH 3.78 and in Fig. 2 are com- 


parable curves obtained at pH 6.56. The individual peaks in 
Figs. 1 and 2 represent separate photographs superimposed on 
the same respective base-lines. For calculation of mobilities 
corresponding to the various pH values, the curves were projected 
and traced at a magnification of approximately 4 times. The 
locus of points midway between the edges of these somewhat thick 
traced curves was then drawn to give the final gradient curve. A 
planimeter was used to measuge the area, and the ordinate bi- 





Fia. 1. Svensson diagrams of the rabbit papilloma virus protein migrat- 
ing in 0.1 ionie strength buffer at pH 3.78. The time interval between suc- 
cessive peaks was 110 minutes. E = 3.26 volts per em. D denotes the 
descending boundary migrating into protein and A the ascending boundary 


migrating into buffer. 


secting the area was determined by trial and error with the planim- 
eter. The abscissae corresponding to these ordinates were then 
used for mobility calculations. 

The mobilities observed in the various pH regions are given in 
Table I and shown in Fig. 3 as functions of pH. At pH 4.1 and 
below the protein carried a positive charge, while at pH 6.54 and 
above the charge was negative. With the isoelectric point found 
previously with the Northrop-Kunitz cell, the smooth mobility 
curve shown was drawn by inspection. 
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Fic. 2. Svensson diagrams of the rabbit papilloma virus protein migrat- 
ing in 0.1 ionic strength buffer at pH 6.56. The time interval between the 
first and second peaks was 421 minutes and that between the second and 
third was 682 minutes. E = 2.4 volts percm. D denotes the descending 


boundary migrating into protein and A the ascending boundary migrating 
into buffer. 





5 
A. 
' 
” 
° 

















ry 

H g 

P Fe 

“ - e i. “ 

Fy 2 

¢ Vv 

* a. wa — 

4 2- ys Fr 1.0 

2 waif ‘o 

0 b= 

& x 

po I 

o 4 0 r 0.5 
2 
— 
> 
0 0 
ow §4 
U 
Tt as “— 7 
4.0 5.0 6.0 7.0 8.0 
pH 


Fig. 3. Mobility and H values of the papilloma virus protein as functions 
of pH. 
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The information given by the findings with respect to homo- 
geneity is of two sorts; namely, singleness of boundary and spread 
of boundary. In Figs. 1 and 2 the individual peaks are single. 
The same was found in the other studies, for on neither side of the 
isoelectric point, within the pH range studied, was boundary 
splitting observed. On the basis of this criterion, then, the protein 
exhibits high homogeneity on both sides of the isoelectric point. 
On the other hand, considerable differences were seen between 
the diagrams obtained on the acid side of the isoelectric point and 
those seen on the alkaline side. This was evident primarily in 
the degree of boundary sharpness, as exemplified in Figs. 1 and 2. 
At pH 3.77 to 4.1 the diagrams were very similar with respect to 
the concentration gradient at the boundary, as shown in Fig. 1. 
On the alkaline side of the isoelectric point, though the boundaries 
were single, there was apparent a considerable spread, as seen at 
pH 6.56 in Fig. 2. An analysis of the findings has been made to 
obtain an estimate of these curve differences in the two regions. 

Since the protein examined here revealed a single boundary, the 
following considerations will concern only the spread of boundary 
during migration. In electrophoresis experiments, such as those 
made here, the resultant of various effects concerned with boundary 
spread is manifested in the form of the Svensson curve which 
portrays the distribution in the boundary of the individuals of 
the population of protein particles studied, regardless of the factors 
determining the distribution. In order to compare the curves of 
a single experiment or those of separate studies, it is necessary 
to have a means, preferably mathematical, for characterizing the 
distribution observed. The problem can be illustrated by com- 
parison of the curves of Fig. 1 with those of Fig. 2. In the former 
the curves of both ascending and descending boundaries are sharp, 
and the progressive broadening of the curve with time seems 
slight. This sharpness is not evident in the latter, where the 
curves become flattened with progress of the two boundaries. For 
comparison of the curves of both boundaries in a single experi- 
ment and of the curves of different experiments, the problem 
becomes one of measuring boundary sharpness or spread and fur- 
ther, if possible, of correlating progressive boundary spread with 
factors known to be of influence. 

Among the statistics furnishing information with respect to 
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the character of such curves is the standard deviation. For any 
single curve the standard deviation, o, constitutes a value descrip- 
tive of sharpness or broadness and, under appropriate conditions, 
some idea of the similarity or difference between any two curves 
may then be made by comparing respective values of ¢. In the 
present experiments it was observed that boundary spread was 
progressive with time. Further, assuming that boundary spread 
may be related to the electrophoretic behavior of the protein, it 
is possible that the progressive spread may be related to the electri- 
eal field applied. If boundary spread could be correlated with 
the measurable factors time and electric field, a means would be 
at hand for the comparison of individual curves and further of 
groups of curves on the basis not only of form but of the rate of 
change in boundary characters. A possible relation investigated 
in this respect is described in the equation A¢/EAt = H, in which 
Ao is the change in standard deviation between any two curves in 
a given sequence occurring during the time interval At in an electric 
field E. H represents a value determinable by experiment. The 
H value calculated in this way provides a criterion of possible 
usefulness for the description of boundary characters based on the 
rate of spread in unit electric field. The results of application of 
the relation are seen for the papilloma virus protein in Table I. 

It should be noted that the H value of the descending boundary 
of a given experiment is closely similar to that obtained with 
the ascending boundary. This indicates a similar rate of spread 
of the two migrating boundaries in an individual experiment. 
This relation was evident in all experiments over the pH range 
investigated. Comparison of the findings in different experiments 
was of especial interest. In the experiment at pH 3.78 (Fig. 1), 
the average H value computed for the two sides from successive 
pairs of curves in the ascending and descending boundaries, re- 
spectively, was 0.74 X 10-* sq.cm. per second per volt. At pH 
6.56, where boundary spread seemed great from inspection, the 
average H value was 1.18 X 10-* sq.cm. per second per volt, which 
is larger, though not greatly so, than that at the more acid pH. 
The increase in H appeared to be slowly progressive from pH 3.77 
to7.77. It should be noted that the curves of Fig. 1 were obtained 
over a period of 5} hours at pH 3.78, when mobility of the protein 
was high. In contrast, the curves of Fig. 2 were photographed 
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over a period of 18 hours and 23 minutes, since at pH 6.56 mobility 
was low and a much longer time was necessary for migration over 
a distance comparable with that of Fig. 1. An evaluation of the 
quantitative differences in spread under the two conditions would 
be difficult from inspection alone. However, despite the seemingly 
wide difference in the two sets of curves, comparison of the mean 
H values for the two experiments reveals an unexpectedly close 


similarity. 
DISCUSSION 


In the present studies, the papilloma virus protein has migrated 
with a single boundary within the limits of the pH region available 
for study of the intact material. In the acid region near pH 4.0, 
the boundaries have been not only single but of a sharpness com- 
parable with that seen with hemocyanins (9) and crystalline pro- 
teins (10) of low molecular weight. On the alkaline side of the 
isoelectric point, though the boundaries were single, the spread, 
as judged by inspection, seemed much greater than that in the 
acid region. However, when the time factors involved in the 
studies in the two general pH regions were taken into considera- 
tion, it was found that the rate of boundary spread in the alkaline 
region was not greatly different from that in the acid range. This 
Was seen in comparison of quantitative estimates of the rate of 
boundary spread per unit electric field in the pH regions studied 
as shown by Ao/EAt or the H values given in Table I. From the 
acid to the alkaline regions of examination, H increased progres- 
sively, but the difference in the two regions was not great. It is of 
interest to compare the values obtained here with those of the 
purified pseudoglobulin GI (11), where H was considerably greater 
than any of the values observed here. 

The results of these experiments may be regarded as evidence 
of a high degree of homogeneity of the papilloma virus protein 
purified by ultracentrifugation. This is seen in the singleness of 
boundary of the migrating protein and in the sharpness of 
boundary as revealed both by inspection and by the low values 
of H. These findings parallel the evidence of homogeneity fur- 
nished by the application of other criteria; namely, sedimentation, 
diffusion, and viscosity (3). Uniformity in the viral properties 
associated with the protein is indicated by the results of studies 
on infectivity, complement fixation, and neutralization (12). 
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Though a method of infectivity measurement of relatively high 
accuracy is available for the papilloma virus, findings concerned 
with this property, subject to recognized variation, can be con- 
strued only as indicative of relative uniformity in biological 
qualities and cannot be interpreted on the same basis as the results 
derived with the far more accurate physical and chemical methods. 
Within the limits of the criteria available, however, the present 
findings, correlated with those previously described, provide a 
basis for considering the papilloma virus protein to be a single 
molecular species. 

With respect to the H value, it appears that, under proper 
conditions, the relation described may provide a useful criterion 
for the numerical estimation of boundary characters based on 
the rate of spread in unit electric field. As a measure of boundary 
sharpness, Tiselius and Horsfall (9) have suggested a method of 
analysis based on distance rather than time of boundary move- 
ment. This procedure has the disadvantage of yielding results 
which become discontinuous at zero mobility. The H value is 
independent of mobility and also of the sharpness of the starting 
boundary. It constitutes a simple measure of the total rate of 
boundary spread irrespective of the cause or summation of causes 
determining the spread, and has the dimensions of mobility. 

For the above considerations H need bear no implications 
relative to the nature of the causes responsible for boundary 
spread. On the other hand, the character of the present findings 
and those obtained subsequently with another protein preparation, 
the pseudoglobulin GI (11) of horse serum, has suggested the 
possibility of a more fundamental significance of the H value. 
This will be discussed in detail in a separate report (13) where the 
present and additional data with the papilloma protein will be 
considered from this point of view. 


This work has been aided by a grant from the Lederle Labora- 
tories, Inc., Pearl River, New York, and by the Dorothy Beard 
Research Fund. 


SUMMARY 


Electrophoresis of the rabbit papilloma virus protein has been 
studied in the Tiselius apparatus. Protein concentration gradient 
curves were obtained which indicate rapid cathodic movement at 
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pH values lower than 4.1 and slower anodic movement above 6.54, 
Insolubility of the protein about the isoelectric point prevented 
moving boundary experiments in this region, but observations 
previously made by means of the Northrop-Kunitz cell have 
indicated the isoelectric point to be at about pH 5.0. This point 
appears to fit the smooth curve relating mobility to pH found in 
the present experiments. 

A new method of analysis based on change in standard deviation 
of the Svensson curve and yielding values denoted as H has been 
proposed to characterize time-rate of boundary spread in unit 
electric field. The H values have the dimensions of mobility. 

The papilloma protein migrates with a single boundary at all 
pH values in its range of solubility and biological stability. In 
the acid region near pH 4.0 the material is extremely homogeneous 
electrophoretically and is only slightly less so on the alkaline side 
of the isoelectric point. 
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The problem of the number and distribution of proteins in 
normal and pathological sera has received ever increasing atten- 
tion. While several albumin and globulin fractions have been 
isolated from serum with methods based on fractional precipita- 
tion with salts, a more detailed analysis of the composition of 
untreated serum has been made possible only by the application 
of the newer physicochemical methods of ultracentrifugation and 
electrophoresis in the Tiselius apparatus. 

Sedimentation diagrams of normal, untreated horse serum show 
evidence of two distinct components which have been correlated 
with serum albumin and globulin, respectively (1). Electro- 
phoretic diagrams, however, exhibit several peaks which have been 
related to a-, B-, and y-globulin (2-6) and, depending on the ex- 
perimental conditions, to one or two albumin components. While 
the albumin moves with a sharp boundary on both sedimentation 
and electrophoresis, indicating a high degree of monodispersity, 
the globulins appear to be devoid of any such uniform behavior. 
The sedimenting boundary ascribed to globulin shows a much 
higher degree of spreading in whole serum as well as in preparations 
obtained by precipitation with half saturated ammonium sulfate 
(1), and there is seen an even greater spreading and considerable 
overlapping of the diffuse boundaries during electrophoretic migra- 
tion of untreated serum. This non-uniform behavior is also 
evident in salting-out studies on whole serum as well as on the 
isolated fractions, the albumin precipitating within rather narrow 
limits of salt concentration, whereas precipitation of globulins 
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occurs within wide concentration regions of the salting-out agent 
(7-12). The problem of the isolation and identification of the 
globulins is further complicated by the occurrence of fractions in- 
soluble at their respective isoelectric points in salt-free solution, 
the euglobulins (13, 14) which seem to be associated in largest — 
amounts with the y-globulin (12). 

The question of the place these euglobulins occupy in fresh 
normal sera, and of their relation to the water-soluble pseudo- 
globulins, is at present still a matter of conjecture. While with 
certain immune sera specific antibody activity (15, 16) has been 
associated with euglobulin material,' it seems possible that 
euglobulins obtained from normal sera may represent modified 
pseudoglobulins produced as a result of in vitro purification. Thus 
they differ markedly from the pseudoglobulins in respect to mo- 
lecular shape (17) and would be expected, therefore, to make their 
appearance in sedimentation analyses of whole serum if they were 
present in the amounts found upon purification. Their close 
similarity to irreversibly denatured pseudoglobulins (18) as well 
as their progressive accumulation upon prolonged dialysis of whole 
serum (19, 20) or upon reprecipitation of pseudoglobulin*? may be 
regarded as indicative of the ease with which pseudoglobulins may 
be converted irreversibly into a protein of euglobulin char- 
acteristics. 

In a previous paper from this laboratory the isolation and 
purification of three apparently monodisperse pseudoglobulin 
fractions of normal horse serum were described, according to the 
method of fractional precipitation with salt, under rigid control 
of external conditions (11, 12). Two of these, referred to as GI 
and GII, have molecular weights of about 170.000, which is in 
satisfactory agreement with the value of 164,000 determined by 
Tiselius (2) for electrophoretically isolated globulin fractions. In 
the present work electrophoresis studies have been made on one 
of these fractions, pseudoglobulin GI, with the object (1) of estab- 
lishing the electrophoretic homogeneity of the protein in terms of 
the number of migrating boundaries and the degree of reversible 


1 According to recent work pneumococcal antibodies of horse serum may 
be associated with a component having the electrophoretic mobility of 
y-globulin (4). 

? Erickson, J. O., personal communication. 











Sharp, Cooper, and Neurath 205 


boundary spreading, and (2) of comparing the electrophoretic 
behavior of this material with that of the globulin components of 
whole serum on one hand, and of electrophoretically isolated glob- 
ulins on the other. Such a comparison appeared to be of special 
interest in order to determine whether and to what extent the 
purification process yielding pseudoglobulin GI had introduced 
changes in the properties of the untreated protein. 

In addition, the electrophoretic behavior of the native purified 
protein was compared with that of the protein obtained by ap- 
parently reversible denaturation from concentrated urea solu- 
tions (18).* 

A similar study of other globulin and albumin fractions of normal 
horse serum will be presented later. 


EXPERIMENTAL 
Method and Measurements 


Electrophoresis of the horse serum globulins in solution was ob- 
served by the moving boundary method of Tiselius (21). The 
apparatus, which will be described in a separate paper, was similar 
to that of Tiselius except for the optical arrangement which oper- 
ated on the principle described by Svensson (22). Protein solu- 
tions in appropriate monovalent buffers were placed in contact 
with buffer in an 11 ec. rectangular migration cell. Refrigeration 
equipment maintained the temperature at 0° + 0.1°. Constant 
electrical potential of batteries was applied by means of reversible 
silver-silver chloride electrodes. All experiments described in this 
paper were carried out at 0.1 ionic strength in order to minimize 
é-boundaries and boundary anomalies such as those frequently 
seen at lower salt concentrations. In these experiments a poten- 
tial of about 100 volts was applied, and the resulting ion current 
was 0.010 to 0.015 ampere, depending on pH and buffer com- 
position. 

Conductivity of buffer and buffer-protein solutions was measured 
at 0° by means of an audio frequency a.c. bridge with the con- 
ductivity cell immersed in the same thermostat as the migration 


* The term “‘reversibly’’ denatured protein is used here not as an ac- 
curate description of the process but merely to denote that fraction which, 
following the reversal of the conditions used for denaturation, approxi- 
mates most closely the properties of the native protein. 
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apparatus. Measurements on both conductivity and ion current 
during migration were accurate to about 0.1 per cent. 

Boundaries were photographed frequently, giving curves on the 
photographic plate in which the abscissae were proportional to 
distance moved and the ordinates measures of refractive index 
gradient. Such curves are the same as those obtained by the 
Lamm scale method where scale line displacement is plotted as 
ordinate. The apparatus photographs these curves directly with- 
out any moving parts. Both boundaries, that ascending into 
buffer and that descending into protein, were photographed 
simultaneously on each plate. 

In each experiment the boundary was moved into view by slowly 
injecting buffer solution into one electrode chamber by means of 
a syringe activated by clockwork. When both boundaries had 
emerged from behind the horizontal plates of the migration cell, 
the syringe was stopped and the voltage applied. At this point 
the gradient of refractive index was so great that only part of the 
curve for the exceedingly sharp starting boundary could be 
recorded, but boundary spread soon brought the crest of the 
curves into view. Frequent photographs were made, and base-line 
thickness was minimized by means of the third blade on the camera 
slit, as described by Svensson (22). Several such curves were 
recorded on the same set of axes in order to show boundary move- 
ment and progressive change in shape. For accurate determina- 
tion of boundary shape it was necessary to make a separate 
photograph of each pair of curves and to eliminate the third slit 
blade which introduces small errors into the area measurements. 

Analysis of data was made to determine the number of com- 
ponents migrating separately and the mobility of each. In cases 
in which only a single boundary appeared, the rate of boundary 
spread was calculated also. For mobility determinations it was 
necessary to enlarge by a factor of 4 the Svensson diagram, ex- 
amples of which are shown in Figs. 1 to 4 and to trace them on 
plain paper. These tracings were then measured by means of a 
planimeter, and the bisecting ordinate was determined for each 
curve. Distances measured between these bisecting ordinates 
were used for mobility calculations. Such a procedure is necessary 
with slowly moving materials showing a high degree of boundary 
spread and some skewness, and even with use of this method the 
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Fic. 1. Svensson diagram of pseudoglobulin GI migrating in 0.1 ionic 
strength buffer at pH 4.6. E = 3.74 volts perem. D denotes the descend- 
ing boundary migrating into protein and A the ascending boundary migrat- 
ing into buffer. 





Fic. 2. Svensson diagram of pseudoglobulin GI migrating in 0.1 ionic 
strength buffer at pH 6.1. E = 3.95 volts per em. D denotes the descend- 
ing boundary migrating into protein and A the ascending boundary migrat- 
ing into buffer. Although the maximum ordinate shifted slightly, no 
movement could be detected in the centroid of area. Note the consider- 
able degree of boundary spreading. 
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small distances of migration make a high degree of accuracy 
difficult to obtain. 





Fic. 3. Svensson diagram of pseudoglobulin GI migrating in 0.1 ionic 
strength buffer at pH 7.6. E = 4.67 volts perem. D denotes the descend- 
ing boundary migrating into protein and A the ascending boundary migrat- 
ing into buffer. 





Fic. 4. Svensson diagram of pseudoglobulin GI ‘‘reversibly” denatured 
by 5 mM urea migrating in 0.1 ionic strength buffer at pH 7.6. E = 3.62 
volts per em. D denotes the descending boundary migrating into protein 
and A the ascending boundary migrating into buffer. 


Values of the mobility, U, were calculated in terms of conductiv- 
ity of solution, C, ion current, 7, and distance, d, moved by the 
centroidal ordinate per unit of time as follows: 
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CAd 
U=— ; (sq. cm. per sec. per volt) (1) 
7 


In this equation A is the cross-sectional area of the migration cell 
and ¢ the time of migration. 

Measurements on rate of boundary spread of single boundaries 
were not affected by the small migration distances. This rate of 
spread can best be stated by means of a heterogeneity constant, H, 
described elsewhere (23, 24). 


1 Ao 
H = — — (sq. em. per sec. per volt) (2 
Ea (sq. em. per sec. 5 ) 


The fraction Ac/At is the rate of change of the standard deviation 
of the Svensson curve during migration. For its evaluation the 
individual curves of Fig. 1, for instance, were photographed 
separately without the third Svensson blade which thins the base- 
line. Enlargement was made as for mobility analyses and the 
bisecting ordinate determined. Second moments were then calcu- 
lated about this axis‘ from measurements of the abscissae, x, at 
several evenly spaced ordinates, f. o was then calculated directly 
by definition. 


o? = Sfrt/Bf (3) 


The heterogeneity constant, H, was calculated for each of the 
several experiments, and the values are listed in Table I. The 
computations were made from successive pairs of curves in the 
respective ascending and descending boundaries in each experi- 
ment, and the H values tabulated represent the average for the 
corresponding group. Such analysis can be made with accuracy 
only in experiments in which ascending and descending boundaries 
are mirror images of each other. In cases in which this is not true, 
the lack of similarity is frequently due to gradients in pH and 
electric field at the boundary. An average value of H taken from 
corresponding ascending and descending boundary curves would 
then be a better measure of the electrophoretic heterogeneity of 
the protein ions. 


‘In theory the centroidal axis should be used for these measurements 
but the error introduced in these experiments by using the more conven- 
iently determined bisecting ordinate is sufficiently small to justify the 
procedure. 











210 Horse Pseudoglobulin GI 


Material 


The protein was prepared from pooled normal horse sera in the 
manner described in detail previously (11). The pseudoglobulin 
GI was reprecipitated four times with ammonium sulfate from a 
2 per cent protein solution at pH 6.4, at room temperature. The 
precipitates were collected from ammonium sulfate between 1.1 
and 1.36 m and, before each subsequent precipitation, dialyzed and 
freed from the water-insoluble euglobulins by isoelectric precipita- 


TABLE I 


Electrophoretic Mobilities and Heterogeneity Constants of Horse 
Pseudoglobulin GI in Buffer Solutions of 0.1 Ionic Strength* 


| 
| Heterogeneity 


iw Mobilityt constant 

A oe on) see oe = 

pH Buffer Ae, 

we De- 

Ascending | Pescend- | Ascend- seend. 

4.3 | Sodium acetate-NaCl +2.57 | +2.29 | 3.38 | 5.12 

4.6 Same +2.23 | +2.06 | 4.52 | 5.70 
5.0 | Sodium veronal-sodium acetate- +0.76 

NaCl 

5.5 | Same +0.26 | +0.29 | 8.00 | 7.26 

6.1 2 0 0 6.69 

6.8 | Sodium veronal-NaCl —0.77 | —0.65 | 6.78 | 6.43 

7.6 | Same —1.13 | —0.98 | 7.70 | 7.05 


* See the text for the preparation of buffer solutions. 
t Computation of mobilities did not include consideration of 6- or e& 
boundaries, since such boundaries were not present. 


tion at 0° (13). The yield of purified material was about 30 gm. 
from 4 liters of serum. The purified material was preserved by 
desiccation from the frozen state in an apparatus of the type 
described by Taylor and Beard (25). 

The denaturation of the protein by concentrated urea solutions 
and the isolation of reversibly denatured material will be described 
in full elsewhere (18). The globulins were denatured by 5 m urea 
solutions, and, after removal of the denaturing agent by dialysis, 
the irreversibly denatured fraction was precipitated at pH 6.0 
and 0°. The supernatant solution was subjected to fractional 
precipitation with ammonium sulfate and the “reversibly’’ dena- 
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tured material collected between 1.1 and 1.36m. After removal of 
traces of euglobulins by isoelectric precipitation, the protein was 
frozen and dried. 

The buffer solutions were prepared as follows: For each liter 
of solution for use between pH 4.3 and 5.0, 4.101 gm. of anhydrous 
sodium acetate and 2.922 gm. of NaCl were weighed out. The 
salts were dissolved in a volume of distilled water slightly less than 
1000 cc. To the solution was added the volume of 5.0 n HCl 
necessary to produce the desired pH, and the total volume was 
then increased to 1 liter. For pH 5.0 to 6.8, 2.051 gm. of sodium 
acetate, 5.153 gm. of sodium veronal, and 2.923 gm. of NaCl were 
similarly dissolved, an appropriate volume of 5.0 n HCI was added, 
and the total volume made to 1 liter. Between pH 6.8 and 7.6 a 
solution of 8.243 gm. of sodium veronal, 3.507 gm. of NaCl, and 
the requisite amount of 5.0 n HCl per liter volume was utilized. 
The ionic strengths of these solutions were thus essentially 0.1. 

Protein solutions of 0.9 per cent concentration were made, up in 
the desired buffer and equilibrated through cellophane membranes 
in the cold against three successive buffer portions under con- 
tinuous stirring of both protein and buffer solutions. In each 
equilibration the buffer volume was 30 times that of the protein. 


Results 


In Fig. 5 the mobilities calculated from the descending bounda- 
ries and the average heterogeneity constants calculated from both 
ascending and descending boundaries are plotted as ordinates 
against pH values as abscissae. The isoelectric point of the pro- 
tein studied here is near pH 6.0; the slope of the mobility curve in 
this region is 6U/é(pH) = 0.82 X 10°. 

The heterogeneity constant is independent of pH in the region 
7.6 to 5.5, and decreases somewhat below this pH value. 

In Table I, the numerical values for mobility and heterogeneity 
constants are listed for both ascending and descending boundaries 
together with pH and buffer composition. Representative electro- 
phoresis curves, as originally obtained by direct photography, are 
shown in Figs. 1 to 3 for the native protein and in Fig. 4 for the 
“reversibly” denatured protein. Comparison between the electro- 
phoretic properties of the two materials is made in Table II. It 
may be seen that on the acid side the mobility of the “reversibly ”’ 
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denatured protein is higher, and on the alkaline side lower than 
that of the native protein. It may be seen also that the values of 
H on ascending and descending curves are about alike from pH 5.5 
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pH 
Fic. 5. Mobility and heterogeneity of pseudoglobulin GI in relation to 
pH at 0.1 ionic strength. The circles refer to the mobilities determined 
from the descending boundary. The squares refer to the average hetero- 
geneity constant, 7, determined from ascending and descending boundaries. 
The crosses are the mobility data of Tiselius (2) for the electrophoretically 


isolated y-globulins. 


TaBLe II 


Comparison of Electrophoretic Mobilities and Heterogeneity Constants of 
Native and “ Reversibly’’ Denatured Pseudoglobulin GI 


The values for H and U were calculated from the data of the descending 





boundaries. 
Native Reversibly denatured 
pH - 
UX 105 HX 10 U X 10° H X 10 
7.6 —0.98 7.4 —0.78 6.1 
5.0 0.76 1.45 5.3 


to 7.6. For pH values of 4.6 and less the ascending boundary has 
a lower H value and is sharper than the descending boundary. 
Nevertheless, both values of H and consequently the average are 
lower than those seen at higher pH values (Table I). 
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DISCUSSION 


It may be seen from the data that the protein migrates with a 
single boundary over the entire pH range investigated. This may 
be regarded as a further criterion for the purity of this material 
which, as judged from diffusion and viscosity studies, appears to 
be monodisperse also with regard to the size and shape of the 
molecules (11). 

The shape of the pH-mobility curve resembles that observed for 
many proteins, the mobility increasing rapidly as the positive 
charge on the protein molecule increases. The absolute values 
of the mobility are low as compared with the albumin fractions of 
normal horse serum (2). 

Comparison of the present data with those obtained by Tiselius 
for the globulin fractions isolated with the method of electro- 
phoretic separation (2) indicates the material studied here to be 
most closely related to his y-globulin fraction. The observed 
isoelectric points are practically identical, while the mobilities of 
pseudoglobulin GI are somewhat lower on either side of the iso- 
electric point than those observed for the y-globulin. 

Although the migrating boundaries seen in Figs. 1 to 4 showed 
no evidence of splitting in the pH range examined, they were sub- 
ject to a great amount of spreading which increased at a constant 
rate as the boundary moved. This effect was present not only at 
pH values at which migration was comparatively rapid but also 
near the isoelectric point (pH 6.1) where the average mobility was 
zero (Fig. 2). As a quantitative expression for the rate of bound- 
ary spread, the constant (24) H has been employed. It has the 
dimensions of mobility but, unlike U, it does not pass through 
zero. It does not become discontinuous at the isoelectric point. 
Values of H have been calculated from a series of curves such as 
shown in Figs. 1 to 4. The dependence on pH can be seen in 
Table I and in Fig. 5, where H is plotted against pH. 

It is clear that, in general, diffusion and convection contribute in 
some measure to the boundary spread in moving boundary ex- 
periments. Nevertheless, for the pseudoglobulin GI in the pH 
region between 5.5 and 7.6, H is a measure of electrical inhomo- 
geneity, for boundaries such as those of Figs. 1 to 4 are not only 
essentially mirror images of each other but, as will be described 
(24), regain most of their sharpness when returned to the starting 
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points by reversal of potential. This, together with the known 
monodispersity of the protein, indicates that H, in the region 
described, is a measure of the electrical properties of the pseudo- 
globulin GI. In the present experiment the values of H were 
approximately the same over a wide pH range, but in the pH re- 
gion of rapid increase in mobility H became smaller. At all the 
pH values examined, however, H was of approximately the same 
order of magnitude as the mobility, U, indicating boundary spread 
through a distance comparable with that moved by the average 
particle. 

Comparison of the data obtained on one hand with the native 
protein, and on the other with the protein obtained by “reversible” 
denaturation by 5 mM urea, indicates a very close similarity be- 
tween the electrophoretic behavior of these two materials when 
measured under otherwise identical conditions (Figs. 3 and 4). 
The degree of boundary spread of the “reversibly”’ denatured glob- 
ubin is not greater than that of the native material, whereas the 
mobilities are different (Table II). Diffusion and viscosity meas- 
urements on these two fractions to be reported in detail elsewhere 
(18) indicate only minor differences in regard to size and shape. 
Thus the extended structure of the denatured globulin reverts 
rather uniformly to the condensed configuration when denatu- 
ration is “reversed.”’ 

The complex behavior of the serum globulins in regard to solu- 
bility and salting-out properties has been recognized for some time. 
This complexity is further emphasized by the high degree of 
reversible boundary spreading studied quantitatively in the 
present work and observed also with the material studied by 
Tiselius and others. 

While chemical and physical measurements have furnished 
evidence for the presence of at least three major globulin com- 
ponents in normal sera, one observes a continuous gradation with 
respect to electrophoretic mobility. The distribution of mobility 
among the molecules shows three maxima which have been 
labeled a-, 8-, and y-globulin, respectively; however, there is 
considerable overlapping of the individual distribution curves into 
which the compound curve may be resolved. 

The question arises, therefore, whether a similar continuous 
distribution may exist for such chemical and physical criteria as 
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carbohydrate and lipid content (26), molecular size, and molecular 
shape (11). Such a distribution would lead to the conclusion that 
the globulins represent a population of molecular species of closely 
interrelated properties. Salt precipitation or electrophoretic sep- 
aration results in the isolation of a group of those molecular entities 
most closely related to each other with respect to the conditions 
chosen for their separation. Thus, it might be possible, for in- 
stance, to separate the serum globulins into an infinite number of 
fractions provided the increments in salt concentrations are suffi- 
ciently small. The physical and chemical properties of the 
individual fractions should then exhibit a similar gradation as has 
been observed for the electrophoretic mobility of the globulins as 
a whole. 


That part of the work carried out in the Department of Surgery 
was supported by a grant from the Lederle Laboratories, Inc., 
Pearl River, New York, and by the Dorothy Beard Research Fund; 
that part carried out in the Department of Biochemistry by grants 
from the Rockefeller Foundation and the Lederle Laboratories, 
Inc. 


SUMMARY 


The electrophoretic behavior of a pseudoglobulin fraction of 
normal horse serum, precipitable by 1.1 to 1.36 M ammonium sul- 
fate at pH 6.4, has been investigated in the Tiselius apparatus with 
the Svensson optical system. 

The protein designated as pseudoglobulin GI has been found to 
migrate with a single boundary over the pH range studied, the pH 
mobility curve being closely related to that observed by Tiselius 
for the y-globulin fraction isolated by the method of electro- 
phoretic separation. The degree of reversible boundary spreading, 
expressed quantitatively in terms of the heterogeneity constant, H, 
is great as compared with that of serum albumin. The H values 
are independent of pH between pH 7.6 and 5.5, and decrease below 
this region. 

The electrophoretic pattern of the globulin “reversibly” dena- 
tured from 5 M urea is similar to that of the native protein, but 
the mobilities are higher on the acid side and lower on the alkaline 
side of the isoelectric point. 
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The high degree of reversible boundary spreading seen with the 
protein studied here as well as with the globulin components of 
whole horse serum is interpreted in terms of a continuous gradation 
in the electrophoretic properties of the globulin molecules. It is 
conceivable that a similar distribution may be obtained in regard 
to other physical and to chemical properties of the serum globulins. 
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When solutions of mixed proteins are analyzed by the moving 
boundary method (1) in the usual type of Tiselius apparatus (2), 
it is found after a time that the sharp single boundary initially 
established has separated into several boundaries moving at rates 
characteristic of the several individual components of the mixture. 
If pure monodisperse proteins are examined, a single boundary is 
obtained no matter how far the motion continues. It is with 
solutions of such monodisperse proteins that this report is con- 
cerned. 

In the analysis of purified protein, one observes not only con- 
tinuous migration of a single boundary, but also a progressive 
broadening or spreading of the boundary with time. Much but 
not all of this broadening is lost when the electric field is reversed 
and the boundary returns to its original position. A number of 
factors have been supposed to influence the occurrence and degree 
of boundary spread. In the present paper these factors will be 
discussed in the light of experimental findings in studies on the rab- 
bit papilloma virus protein and the pseudoglobulin GI of horse 
serum. 

The optical system employed for the present experiments has 
been described in principle by Svensson (3). It produces at the 
photographic plate curves such as those of Figs. 1 to 6 whose 
abscissae measure distances in the cell parallel to the direction of 
boundary migration and whose ordinates are proportional to the 
gradients of refractive index in the boundary.' If a linear rela- 


1 The authors are indebted to Dr. Florence Seibert of the Henry Phipps 
Institute, University of Pennsylvania, Philadelphia, for much helpful in- 
formation in the design of the Svensson slit used in this apparatus. 
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tionship is assumed to exist between refractive index and protein 
concentration, the curve photographed represents protein con- 
centration gradient. 


Theoretical 


The developments described here were suggested initially by 
observations on the rabbit papilloma virus protein (4) and, sub- 
sequently, by others on the pseudoglobulin GI of horse serum (5). 
In an attempt to find a means for characterizing the Svensson 
curves obtained with these proteins, there was found an apparent 
close relation between the standard deviation of these curves and 
the time of boundary migration in unit electric field so that 


Ao 


Fal = H (constant) 


Here Ao is the change in standard deviation of gradient curves 
taking place in the corresponding time Af at the field strength EZ. 
H is a value determinable by experiment. Under the conditions 
of the experiments and with the observed findings, the application 
of H computations seemed a useful method for curve characteriza- 
tion. However, the nature of the data obtained in this way in- 
dicated the possibility of a fundamental significance of the H value. 
This has been supported by the following theoretical considera- 
tions. 

Let us examine the behavior of a boundary between pure buffer 
and the same buffer solution in which the concentration of mono- 
disperse protein is C. If it is assumed that no discontinuity in 
field strength or pH occurs at this boundary, the application of an 
electric field will cause it to move as a whole with the mean velocity 
V in the z direction, so that V = dx/dt where z is the abscissa 
of the centroid of area under the Svensson gradient curve. These 
curves may be expressed as follows: 


Re Ke, U (1) 
- hg Os = f(z, U, t) 
where n is the refractive index, t the time of migration, U the 
mobility of the individual ion, and K the specific refractive index 
increment for the protein. 
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Before attempting to set up a general expression for the func- 
tion f (x, U, t) to describe these gradient curves, we may make 
some simplifying assumptions which will be of practical value. 
The definition of mobility, U, of a protein ion is as follows: 


U=V/E (2) 


where V is the observed velocity and E the electric field. If all 
the monodisperse protein ions have the same mobility,? the spread- 
ing of this boundary is due only to diffusion and other irreversible 
causes. The latter being neglected for the present, the refractive 
index will then vary across the boundary according to the equation 


On oo ee 2 

is = 2JaDit ge (2-UBt)*/4Dit (3) 
where ; and ne are the refractive indices of the protein solution 
and buffer, respectively, and where it has been assumed that the 
boundary was perfectly sharp at t = 0. 

In this equation D, is a constant analogous to the diffusion co- 
efficient but not necessarily the same, since variations in mobility 
of individual particles with time may affect the rate of diffusion 
under the influence of an electric field. Equation 3 then describes 
a boundary moving with velocity V = UE in the z direction and 
showing diffusion according to the modified diffusion constant D, 
but no reversible spreading. These conditions have not yet been 
attained experimentally; however, the equation has an interesting 
special case. When E = 0, one has a diffusion experiment of 
the usual type and Equation 3 reduces to the one proposed by 
Wiener (6) 





on _ m1 — Me _ sap 
dz ~ 2/aDt® a 
In this case D is the true diffusion constant. It should be ob- 
served that this boundary gradient curve is the same as the normal 
error curve and that D can be calculated very simply from the 
second moment of the curve 
D = o*/2t (5) 





? In case there are fluctuations in charge which make the mobility fluctu- 
ate in time, it is sufficient that the time-average mobility is the same for all 
ions. 
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where o” is the second moment (¢ is the standard deviation) and 
t the time of diffusion. 

If instead of one mobility the protein ions have a distribution of 
mobilities g(U) so that g(U)dU is the fraction of the ions with 
mobilities between U and U + dU, the equation becomes 


: 7 ain fp g(U)e~ e080) * 4D dU (6) 
This expression describes a curve which progresses at the average 
rate V = UE. The moving ions are subject to modified diffusion 
(D, of Equation 3), but the boundary is now further spread by the 
distribution in mobility among the particles. 

The quantity actually measured in Equation 6 is dn/dx, which 
is given by curves of the kind shown in Figs. 1, 3, and 5. From 
these curves it is desired to find the distribution in mobilities, 
g(U), which will be characteristic of the protein under analysis. 
This can be done easily in one special case; namely, when the 
spreading due to diffusion is small* compared with the spreading 
due to the distribution in mobility. In this case the exponential 
factor in Equation 6 is a sharply peaked function of U and the 
only contribution to the integral comes from the vicinity of this 
peak. Here g(U) can be considered to be constant with its value 
g(x/Et) and can be taken outside the sign of integration. We 
then have 
which gives the relationship between the gradient (dn/dx) curve 
photographed and the mobility distribution sought. 

Perhaps the simplest experimental test of the validity of these 
assumptions is found in the consequence of Equation 7 that the 


3 In case diffusion cannot be neglected, it is still possible to find a solution 
for g(U) from Equation 6. This takes the form of a modified Laplace inte- 


gral and is 


ee E t m= On e(2-UEt)*/4Dit ay 
(nm — Nq) i rD, L— F00 dz 


This integral may be conveniently evaluated if diffusion is not too large by 
the method of steepest descents. 























Sharp, Hebb, Taylor, and Beard 221 


standard deviation of the gradient curve is proportional to time. 
For by definition 





7] 
i= (x — £)* dz [oe/Boe — #)*dz 
. = Bost paste We  i§ = ee tS ore. 
‘' an d Et ny — 
Oz " 


When (’ = x/Etand U = #/Et are substituted, 
c= (Eo | g(U)(U — 0)? dU (8) 


Here the integral, which is the second moment of the mobility 
distribution curve, is independent of time. If this integral is 
designated as H?, there follows the relationship 

a = H (constant) (9) 
This is identical with the relation derived empirically from experi- 
mental data with the papilloma protein and the pseudoglobulin 
GI. 


DISCUSSION 


The expressions derived indicate that, under proper conditions, 
spreading of migrating boundaries can be explained on the basis 
of a distribution of mobilities among the protein ions. The valid- 
ity of some of the assumptions in the development and the limits 
of interpretation based on the expressions for any given material, 
however, are dependent on the conditions and results of actual 
experiments with the particular material. Analyses from this 
point of view have been made with data obtained with the two 
monodisperse protein systems already mentioned, the pseudo- 
globulin GI from horse serum (5) and the rabbit papilloma virus 
protein (4). The results of certain of these examinations have 
been described in the separate papers cited. These will be sum- 
marized briefly, and in addition, other results, not reported before, 
will be included. 

It is recognized that many factors may contribute to boundary 
spread of a monodisperse protein during electrophoresis. Grouped 
into categories with respect to the criteria applicable for experi- 
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mental test, the principal factors are considered to be (1) proper- 
ties of the protein ions including mobility and its variation among 
the population studied as well as shape and size of the ions, (2) 





Fic. 1. Svensson diagrams of pseudoglobulin GI migrating in 0.1 ionic 
strength buffer at pH 7.6. E = 4.67 volts perem. D denotes the descend- 
ing boundary migrating into protein and A the ascending boundary migrat- 
ing into buffer. 





Fic. 2. Svensson diagrams showing regained boundary sharpness on re- 
versal of the electric field in the experiment of Fig. 1. The first curve is 
identical with the last curve of Fig. 1. The time of return migration was 
16,080 seconds. 


diffusion, (3) convection due to temperature gradients set up in the 
cell by the Joule effect, and (4) gradients at the boundary other 
than those of protein concentration. 

The contributions of these factors to the findings in experiments 
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with pseudoglobulin GI and the papilloma virus prote:n may now 
be considered in reverse order of the statement above. Gradients 
in pH and electric field are sometimes present at the boundary, 
causing reversible boundary spread and other anomalous behavior. 
Longsworth, Cannan, and MacInnes (7) are of the opinion that, 
when such disturbances have been reduced to a negligible value, 





Fic. 3. Svensson diagrams of pseudoglobulin GI reversibly denatured 
from 5 M urea migrating in 0.1 ionic strength buffer at pH 7.6. E = 3.62 
volts perem. D denotes the descending boundary migrating into protein 
and A denotes the ascending boundary migrating into buffer. 





Fic. 4. Svensson diagrams showing regained boundary sharpness on re- 
versal of the electric field in the experiment of Fig. 3. The first curve is 
identical with the last curve of Fig. 3. The time of return migration was 


21,040 seconds. 


the ascending and descending boundaries have the same shape. 
In Fig. 1, which is a reproduction of Fig. 3 of the preceding paper 
(5), are successive Svensson curves of both ascending and descend- 
ing boundaries of pseudoglobulin GI at pH 7.6 in 0.1 ionic strength 
buffer. Each boundary is single and no evidence is seen of elec- 
troendosmotic effects. The two sets of curves representing ascend- 
ing and descending boundaries appear to be mirror images as 
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judged by contour. In previous work (4) and above, the use of 
the H value of Equation 9 has been suggested as a measure of 
boundary characters. Application of this criterion in the present 





Fic. 5. Svensson diagrams of rabbit papilloma virus protein migrating 
in 0.1 ionic strength buffer at pH 6.544. E = 2.60 volts perem. D denotes 
the descending boundary migrating into protein and A the ascending bound- 
ary migrating into buffer. 





Fia. 6. Svensson diagrams showing regained boundary sharpness on 
reversal of the electric field in the experiment of Fig. 5. The first curve is 
identical with the last curve of Fig. 5. The time of return migration was 


78,300 seconds. 


experiment has yielded the values given in Table I. These were 
obtained by calculation of H for successive pairs of curves of the 
ascending and descending boundaries, respectively, of Fig. 1. 
One pair of curves not appearing in Fig. 1, but used in Table I, 
was photographed between the third and last pair shown in Fig. 1. 
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From Table I it is evident (1) that the successive H values for 
both boundaries show no systematic variation and (2) that the 
average value for the ascending curves is similar to that obtained 
for the descending curves. It thus seems that the curves of the 
ascending boundary are close mirror images of the corresponding 
ones of the descending boundary not only in form, as judged by 
inspection, but also in rate of spread, as estimated from similarity 
of the H values. Consequently, in so far as the existence of mirror 
images is an acceptable criterion, it may be considered that gradi- 
ents at the boundary other than protein concentration were of 


TaBLp | 


Statistics and Values of Heterogeneity Constant H for Svensson Curves with 
Pseudoglobulin GI in Experiment of Fig. 1 












































Descending boundary A ding boundary 
Curve No.| Time |— —— 
o Ae HX 10 e Ao HX 10 
sec. cm. em. oantem cm. cm. PO yo. 
1 0.110 0.119 
4920 0.155 6.86 0.154 6.82 
2 0.265 0.273 
6180 | 0.215 7.57 0.228 8.03 
3 _ 0.480 0.501 
5820 | 0.178 6.66 0.216 8.08 
4 | 0.658 0.717 
ee earn snail 7.05 7.70 


negligible influence on spread in this experiment. Similar find- 
ings obtained in comparison of the two boundaries in other ex- 
periments with pseudoglobulin GI in the pH range between 5.5 
and 7.6 have been shown in Table I of the preceding paper (5). 
Examinations of pseudoglobulin GI reversibly denatured from 
urea (5) have revealed mirror images for this material also, as 
shown in Fig. 3 ((5) Fig. 4). 

The influence of diffusion and other causes of irreversible spread 
has been examined by measurement of the reversibility of bound- 
ary spread in the instances both of the native pseudoglobulin GI 
and of the material reversibly denatured from urea. An example 
of the findings with the native protein is shown in Figs. 1 and 2 
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and in Table II. In Fig. 1 are the successive curves seen in for- 
ward migration of both boundaries. When the last curve had 
been photographed, the current was reversed and, during return 
migration, the diagram of Fig. 2 was obtained. It is seen that the 
degree of reversibility was apparently great. 


TasBue II 
Mobility, U; Heterogeneity Value, H; Modified Diffusion Coefficient, D, of 
Equation 6; and Diffusion Constant of Pseudoglobulin GI and 
Papilloma Virus Protein Observed on Forward Migration 
and on Return Movement after Current Reversal 


| | | . 
Material Bound-} yy yx 108 | HX 10 | Dy x 107, Dx 107 
| 


| ary* 25°) (25°) 
| aq. cm. aq. em. 
sec.! volt™! | sec.! volt! 
Pseudoglobulin GI from horse | D | —0.98 7.05 4.18 4.43 
serum, pH 7.6, 0.1 ionic | A —1.13 | 7.70 | 5.29 /°°™ 
strength buffer 
Pseudoglobulin GI reversibly | D —0.78 6.10 | 6.17 
denatured from 5M urea, pH | A —0.84 6.18 | 6.58 f 
7.6, 0.1 ionic strength buffer 
Rabbit papilloma virus protein, D —0.94 | 1.44 | 6.38 0.665 
pH 6.54, 0.1 ionic strength | A | -—0.91 1.46 | 7.64 


buffer 


* Ddenotes descending boundary migrating into protein and A ascending 
boundary migrating into buffer. 

t The value D for the pseudoglobulin GI reversibly denatured from 5 m 
urea has not been given but has been reported (5) as similar to that of the 


native material given here. 


The modified diffusion constants were calculated (Equation 3) 
for these experiments as follows: 


Ao? o;? = o;? 
(10) 


D, = —-= 
2t» 2ts 


where Ao? is the difference between the second moment, ¢;’, of the 
initial starting curve (Fig. 1) and o;* of the final reversal curve 
(Fig. 2) seen in the time interval, t, and D, the modified diffusion 
coefficient defined in Equation 6. The values of D, obtained for 
the native protein and for that reversibly denatured from urea, 
respectively, and corrected for temperature 25°, are shown in 
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Table Il. It is of interest to compare also the average D, of the 
ascending and descending boundaries with the diffusion constant 
D (5). This value, D,, for the native protein is very close to that 
of D. In the instance of the protein reversibly denatured from 
urea, D, was larger than D (5). 

From these calculations of D, information regarding the nature 
of the observed irreversible spread is obtained. In the experiment 
of Fig. 1, the similarity of D, to D indicates that the irreversible 
spread was due to diffusion. In that of Fig. 3, D; was larger than 
D, suggesting that here some additional irreversible spread occurs. 

For application of the theoretical considerations to the papilloma 
virus protein, seven experiments made as previously described 
(4) were available for analyses similar to those made for the pseudo- 
globulin GI discussed above. Due to the very considerable diffi- 
culty in obtaining this animal virus protein in amounts large 
enough for this sort of work, the data are fewer than those with 
pseudoglobulin GI. An additional impediment was the difficulty 
in obtaining the protein in concentration optimum for observation 
without excessive opalescence. The interpretations, therefore, 
are made with consideration of these facts. 

In Fig. 5 are Svensson curves obtained with the papilloma pro- 
tein at pH 6.54 in 0.1 ionic strength buffer solution. Diagrams at 
other pH values have already been shown (4). As in the instance 
of pseudoglobulin GI, the curves of the ascending boundary ap- 
pear to be close mirror images of those of the descending bound- 
ary. The values of H in this experiment and others are given in 
Table III. The data are not sufficient to provide unequivocal 
evidence either of random or systematic variation in the values of 
H for successive curves of the ascending and descending bound- 
aries of a given experiment. On the other hand, it is evident 
that within the limits of the data, the variation, though consider- 
able in individual instances, is relatively small when the results are 
viewed as a whole. It is observed that H values for the ascending 
boundaries are quite similar to those of the corresponding descend- 
ing boundaries in the various experiments. Further, there are 
definite indications of a trend toward progressive increase in the 
average H values with increase in pH ((4) Fig. 3). Though it is 
not possible from these limited data to state that H was actually 
constant in the instance of the papilloma protein, it is clear, 
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nevertheless, that the curves of corresponding pairs of boundaries 
are essentially mirror images and that, within the limits of the 


TABLE III 


Statistics and H Values for Svensson Curves with Papilloma Virus Protein 








: Descending boundary Ascending boundary 
Protein 1H ( our ©} Time 
sample No. 
| | o Ae HX 10 o Ae HX 106 
sec. cm, cm, a. oom , cm. cm. eh ool 1 
B | 3.78 1 0.0918 0.0884 
6, 600 0.0098 0.46 0.0168) 0.78 
2 0.1016 0.1052 
6,600 0.0222) 1.03 0.0151) 0.70 
3 0.1238 0.1203 
Mean eee ee -* 0.74 | 0.74 
A |3.81! 1 0.0643 | 0.0753) | 
8,400 0.0130) 0.34 0.0195) 0.51 
e.J 0.0773 0.0948, 
| 8,400) 0.0373, 0.97 | 0.0137, 0.36 
3 | | 0.1146 0.1085} | 
Mean .... poe ac. 2% 0.65 | | 0.43 
; |— | - 
A* | 6.54 1 0.0601 | 0.0534 
25 , 200 | 0.1080) 1.65 0.1223} 1.87 
2 0.1681 0.1757) 
25 , 200 | 0.0885, 1.35 | | 0.1006} 1.54 
3 0.2566 | 0.2763 
25 , 200 0.0873) 1.33 | 0.0634) 0.97 
4 0.3439 | 0.3397 
Mean bugs. ded ses 1.44 | | 1.46 
B |656! 1 | 0.0868 | 0.0845 
25 , 260 | 0.0555 0.92 0.0484; 0.80 
2 0.1423 | 0.1329 
40,920 0.1618) 1.65 0.1311) 1.34 
3 0.3041 0.2640 
Mean ; 1.28 1.07 


* Experiment of Fig. 5. 


variations observed, pH and electric field gradients exerted little 
effect on the spread of boundary in the pH regions studied. 
The results of studies on current reversal with the papilloma 
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protein are illustrated in Fig. 6 which shows the return curves 
with the preparation of Fig. 5. From inspection the final return 
curves give evidence of reversal of spread, though the sharpness 
regained is much less than that of the initial curves of Fig. 5. The 
corresponding values of D and D, are shown in Table II. The 
modified diffusion constant, D,, was of a different order from that 
of D, the previously reported (8) diffusion constant of this pro- 
tein. From the value of D, it would appear that by far the greater 
part of the irreversible spread was due to causes other than true 
diffusion. 

The findings with pseudoglobulin GI, both native and reversibly 
denatured from urea, in the pH range between 5.5 and 7.6 have 
shown clearly that boundary spread during its electrophoretic 
migration is due only in minor degree, if at all, to certain of the 
factors enumerated above. There is left for consideration only 
such reversible boundary spread as that which could arise from a 
distribution of mobilities among the ions. Evidence (5) has been 
reported for the monodispersity of the protein used in analyses 
and, furthermore, it has been suggested (9) that, under suitable 
experimental conditions, small differences in the size of the ions 
should contribute negligibly to mobility differences and to the 
reversible spread of the migrating boundary. It seems reasonable, 
then, to conclude that in the pH region between 5.5 and 7.6, 
where H is constant, boundary spread of this protein is dependent 
on a distribution of mobilities among the protein ions of the prep- 
arations studied. This distribution is given by Equation 7 and 
its standard deviation has been shown to be H of Equation 9. 
Such mobility distribution might in turn be translated into a cor- 
responding surface charge density distribution by proper applica- 
tion of the Debye-Hiickel-Henry theory (9). 

In the instance of the papilloma virus protein, there was sub- 
stantial evidence that gradients of pH and electric field at the 
boundary were probably of negligible influence on boundary 
spread. On reversal of the current, a large percentage of the 
boundary spread occurring during forward migration was lost in 
the return movement. Much of the spread, however, was ir- 
reversible and the factors responsible for this finding are not clear 
from the present work. The diffusion constant of the material is 
small (8) and, consequently, diffusion would not be expected to 
play an important rdéle. Irreversible spread other than that 
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associated with diffusion may have been due to convection. On 
the other hand, it is possible that the rate of diffusion of the 
protein ions moving in an electric field is altered by fluctuations 
in ion charge and mobility as discussed in connection with Equa- 
tion 3. Such fluctuations would lead to added irreversible spread 
in the presence of the electric field. 

In the case of pseudoglobulin GI, H has been considered a con- 
stant, based both on the immediate values of H and on the validity 
of the assumptions in its derivation as indicated by experiment. 
For this reason and because of its significance with respect to the 
nature of the material, H has been designated as the heterogeneity 
constant (5) for pseudoglobulin GI. For the papilloma protein 
the significance of calculated values of H is not the same as that 
of the values for pseudoglobulin GI. In order that H be constant 
it is necessary that the standard deviation of the Svensson curve 
be directly proportional to time of migration. Thus diffusion 
must be either absent or present to such a small extent that its 
influence is not detected by the experimental method of measur- 
ing. These conditions held for pseudoglobulin GI where the 
similarity of D, and D indicated that the small degree of ir- 
reversible spread experienced was essentially all diffusion. For 
the papilloma protein, however, there was a great difference 
between the true diffusion constant, D, and the modified constant, 
D,. The reasons for this are not clear, and the data are not com- 
plete enough to determine whether or not ¢ was actually propor- 
tional to time. On the other hand, the data do not indicate any 
great departure of H from constancy. For the present, H for the 
papilloma protein has been designated as a value (4) determinable 
by experiment. Nevertheless, H may be considered descriptive 
of boundary characters, furnishing an estimate of rate of boundary 
spread due to factors concerned with both diffusion and electro- 
phoresis. The magnitude of H in all cases is an index or coefficient 
of total boundary spread and as such establishes a limit beyond 
which observed spread cannot be due to heterogeneity of particle 
mobility. On this basis, for instance, it appears that the papilloma 
protein exhibits a greater degree of electrophoretic homogeneity 
than the pseudoglobulin GI, though the observed values of H 
for the former are interpretable only qualitatively. 
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SUMMARY 


A general equation has been set up to express the dependence 
of refractive index gradient on time, distance moved, and indi- 
vidual ionie mobility in the moving boundary of a monodisperse 
protein seen in electrophoresis experiments. This relationship 
takes into account the effects of diffusion and a distribution of 
mobilities among the protein ions in reversible boundary spread. 

In cases of low rate of diffusion or wide distribution in mobilities 
(heterogeneity) the general equation is greatly simplified and, at 
a constant electric field strength, the standard deviation of ob- 
served Svensson curves increases at a constant rate with time. 
This rate of increase is then itself, except for a constant factor, the 
standard deviation of the mobility distribution function. Ab- 
solute values of the mobilities in this distribution may be estimated 
by means of existing theory. 

Data have been presented in the form of Svensson curves for 
test of the validity of the assumptions and development of the 
relations described in the instances of pseudoglobulin GI of horse 
serum and the rabbit papilloma virus protein. 
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(Received for publication, September 15, 1941) 


It is the purpose of the research reported in the present series of 
papers to establish accurate spectrophotometric procedures for 
the determination of iron, more particularly for use in biochemical 
and nutrition studies, but applicable generally to the analysis of 
biological materials, foods, pharmaceuticals, and chemical reagents. 
Several colorimetric methods for the determination of iron are 
available, but they lack the rapidity and precision of spectropho- 
tometric methods. Colorimetric procedures are not directly 
applicable to spectrophotometric work, and are apt under spectro- 
photometric study to show serious flaws and limitations. In fact, 
the interferences commonly met in analyses of foods and biological 
materials make it doubtful whether an investigator desiring ac- 
curate results in iron determinations should be satisfied until 
checks are obtained by at least two different methods. 

For this reason the present research was designed to adapt for 
spectrophotometric use a number of the best colorimetric methods 
for iron, to obtain accurate calibration data over a wide range of 
iron concentrations, and to establish the validity of these data for 
determining iron in solutions containing common acids in con- 
centrations that occur in analytical solutions prepared by various 
wet and dry methods of ashing. This information could be used 
in testing methods for ashing samples, in studying the effect of 
interfering substances other than the acids introduced in preparing 
the analytical solutions, and in: devising rapid and accurate 
methods for determining total iron in foods and biological ma- 
terials. It also seemed that such work as that outlined was a pre- 
requisite to any successful attack on the problem of developing 

233 














234 Determination of Iron. I 


trustworthy analytical techniques for determining biologically 
available iron. 

One of the reagents selected for study was mercaptoacetic 
(thioglycolic) acid. Swank and Mellon (1) have listed applica- 
tions of this reagent, and describe experiments showing its high 
degree of freedom from interferences. 

Apparatus and Reagents— 

A Coleman model 10-S-30 spectrophotometer was used to measure 
transmittances. Matched square cuvettes were used to hold 
reference liquids and test solutions. The dark current adjust- 
ment was frequently checked during the measurements, which 
were made between 29-31°. 

15 N nitric acid, 6 N hydrochloric acid, 9 N perchloric acid, 36.N 
sulfuric acid, trichloroacetic acid, and ammonium hydroxide were 
purified by distillation methods. 10 N iron-free sodium hydroxide 
was obtained by electrolysis in platinum at 5 amperes for 30 hours, 
with a rotating cathode. The reagent (ammonium mercapto- 
acetate) was made by adding 40 ml. of mercaptoacetic acid to 300 
ml. of 4 N ammonium hydroxide and diluting to 500 ml. with 
distilled water. Three primary standard solutions containing 
0.2000 mg. of iron per ml. were used in making all more dilute 
standard and test solutions. One primary standard was made by 
dissolving 1.405 gm. of ferrous ammonium sulfate hexahydrate 
(Mohr’s salt) in 200 ml. of water, adding 10 ml. of 36 N sulfuric 
acid and 20 ml. of saturated bromine water, boiling off excess 
bromine, and making to a liter. Another was made by dissolving 
0.4000 gm. of pure iron wire in 10 ml. of 36 N sulfuric acid, 10 ml. 
of 6 n hydrochloric acid, and 4 ml. of 15 N nitric acid, heating to 
remove the excess of volatile acids, and making to 2 liters. A 
third solution contained 1.727 gm. of recrystallized hydrated ferric 
ammonium sulfate (mol. wt. 482.2) and 5 ml. of 36 N sulfuric acid 
per liter. Transmittance readings with three sets of test solutions 
made from these standards and compared spectrophotometrically 
at appropriate wave-lengths, with use of mercaptoacetate, a,a’- 
dipyridyl, and ferron reagents, showed that all three standards had 
the same iron content, within 1 part in 400. Additional checks 
were obtained by gravimetric, volumetric, and electrometric 
methods, but the spectrophotometric check was the most accurate 
and convenient. 
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Summary of Calibration Experiments 


Calibrations were made by the procedure given below for anal- 
yses, except that the test solutions contained known quantities of 
iron; concentrations of acids, mercaptoacetate reagent, and am- 
monium hydroxide were varied systematically to find permissible, 
adequate, or optimum quantities, and the systems were kept under 
observation for at least 12 hours. Different combinations of 
primary standards and reagents were used to eliminate constant 
errors. 

The median transmittances obtained in about 400 observations 
made with 98 test solutions are recorded in Table I. These me- 
dians were calculated from the readings taken about 30 minutes 


TaBLe I 
Concentration-Transmitiance Data for Iron Determinations 














Transmittance niet 
Fe per 50 ml. | - - . . nee a. 
Blank reference | Water reference 
mg. | per cent per cent per cent 
0.0500 81.0 | 80.3 0.2 
0.1000 | 66.2 | 65.6 0.3 
0.200 43.6 43.2 0.3 
0.300 | 29.2 28.8 0.4 
0.400 18.9 18.7 0.7 
0.500 12.7 12.5 1.1 


0.600 (9.0) (8.5) 0.9 





after color development. However, transmittances read any 
time between 5 minutes and 12 hours after color development 
generally agreed within 0.4 per cent; only a few slightly high values 
were obtained in the 5 minute readings. Solutions stored in 
cuvettes showed some tendency to fade. This was not observed 
in solutions stored in glass-stoppered Pyrex Erlenmeyer flasks for 
30 minutes; after longer standing it is advisable to shake the solu- 
tions a little and allow air bubbles to disappear before the readings 
are taken. 

The reagent made with mercaptoacetic acid purified by frac- 
tional distillation in a vacuum gave results identical with that 
made from Eastman’s practical reagent. When only 5 ml. of 
mercaptoacetate reagent were used per 50 ml.—about twice the 
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amount used in the colorimetric procedure of Leavell and Ellis 
(2)—Beer’s law was not followed at high iron concentrations, and 
the colors faded badly on standing and could not be restored by 
shaking. 10 ml. quantities of the reagent were used in obtaining 
the data in Table I, which show on plotting that Beer’s law is 
followed exactly. Instrumental errors make it undesirable to use 
transmittances lower than 10 per cent in analyses. 
Transmittances for systems without added acid agreed closely 
enough with those for systems with added acid to show that acids 
in concentrations up to those specified in the procedure below have 
no detectable effect on the color. Addition of 0.5 ml. of 30 per 
cent hydrogen peroxide per 50 ml. did not interfere with the color 
development, but when 1.0 ml. was added no color appeared. 
Study of the data indicated an optimum pH between 9.2 and 
9.5, but the excess of 4 N ammonium hydroxide may vary between 
1 and 4 ml. without causing transmittance changes exceeding 0.5 
per cent. Sodium hydroxide was substituted for ammonium 
hydroxide in about 5 per cent of the test solutions, and gave trans- 
mittances in excellent agreement with the medians in Table I. 


Spectrophotometric Procedure for Total Iron 


The following procedure is based on the experiments described 
above, and has been further tested by comparison with similar 
procedures with the reagents a ,a’-dipyridy] and ferron, in analyses 
of some 80 materials, including foods and food concentrates, 
beverages, urine, feces, and pharmaceuticals. 

Procedure—Ash a measured sample and make it up to a suitable 
volume after hydrolyzing any pyrophosphate present (3,4). Take 
for analysis an aliquot containing not more than 0.55 mg. of iron. 
If a wet ashing method was used, evaporate the aliquot to dryness 
and destroy organic matter by heating the residue in succession 
with 0.5 ml. portions of 36 N sulfuric acid and 30 per cent hydrogen 
peroxide, or by electrical heating in deep fused silica beakers, with 
precautions to avoid loss of iron. Take up the residue with 5 ml. 
of 6 nN hydrochloric acid and 0.3 ml. of 15 wn nitric acid, dilute to 
20 ml., and reflux for 30 minutes to hydrolyze pyrophosphate. 

In all cases treat the aliquot to remove any interfering inorganic 
substances known to be present (1, 5) if maximum accuracy is 
desired. The solution for analysis may contain up to 5 ml. of 6N 
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hydrochloric acid, 1 ml. of 36 N sulfuric acid, 5 ml. of 9 N perchloric 
acid, 2 ml. of 15 N nitric acid, 20 ml. of 0.6 Nn trichloroacetic acid, 
or 2 ml. each of 9 Nn perchloric and 15 n nitric acid. 

If necessary, evaporate the solution to a volume which allows 
for reagent additions. Add a small piece of Congo red paper and 
neutralize with 4 N ammonium hydroxide. Add 10 ml. of mer- 
captoacetate reagent, then 2 ml. of 4 N ammonium hydroxide, and 
make to exactly 50 ml. Filter through a dry Pyrex crucible before 
diluting to volume if a precipitate forms. Make duplicate trans- 
mittance readings on two portions of the clear solution in about 30 
minutes, at a wave-length of 535 my. Calculate the result of the 
analysis by substituting the median value of T' in the proper equa- 
tion, as indicated below, or by use of a graph derived from the 
equation. 

If the reagents are free from iron use water as the reference 
liquid ; otherwise use a blank containing the reagents. If a colored 
aliquot is used directly, prepare as a reference liquid a system 
containing no mercaptoacetate reagent and the same volumes of 
colored liquid and ammonium hydroxide as the test solution. 

For convenience in calculating results with maximum precision 
the data in Table I have been reduced by the method of least 
squares to two equations. In the first, 


—0.731 logic T + 1.460 


; (1) 





Mg. Fe per 50 ml. test solution = 


T is the percentage transmittance relative to the blank, and 1 is 
the thickness of the solution in em. With water as the reference 
liquid the constants are respectively —0.727 and 1.451. In the 
present calibration / was 1.308 cm. The actual value of | should 
be determined for the particular cuvettes used, with a micrometer 
and calipers. Under the conditions specified the average devia- 
tions of 7’ for various iron concentrations are about half as large 
as those given in Table I for single observations. 


SUMMARY 


An accurate spectrophotometric method for the determination 
of iron with mercaptoacetic acid has been developed ex- 
perimentally. 
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CARBOHYDRATE METABOLISM IN THIAMINE 
DEFICIENCY* 


By HAROLD A. HARPERt 


(From the Department of Biochemistry, University of Southern California 
School of Medicine, Los Angeles) 


(Received for publication, September 8, 1941) 


The relationship of vitamin B,; to carbohydrate metabolism was 
one of the earliest functions of a vitamin to be observed. The 
problem has been more or less continuously investigated up to the 
present time and the majority of the evidence indicates that in 
vitamin B, deficiency there is some interference with glycogen 
storage, hyperglycemia, and characteristic errors in carbohydrate 
metabolism. Ever since the discovery of the réle of thiamine as a 
constituent of cocarboxylase (1) and its consequent effect on 
pyruvate oxidation (2), studies in vitro of cellular metabolism in 
thiamine deficiency have indicated that a rather generalized dis- 
turbance of carbohydrate metabolism exists. Thus Meiklejohn, 
Passmore, and Peters had reported that the brain of avitaminotic 
pigeons exhibited a lower oxygen uptake in the presence of lactate 
when compared to normal brain tissue (3). Barron and Lyman 
(4) in a study of the ability of kidney slices to synthesize carbohy- 
drate in the presence of pyruvate reported that tissues from vita- 
min B,-deficient rats were unable to accomplish this transformation 
when compared to normal controls. Similar experiments by 
Lipschitz, Potter, and Elvehjem (5) revealed that liver and kidney 
tissue from vitamin B,-deficient pigeons showed a diminished abil- 
ity to remove pyruvate which was restored in the liver tissue when 
glucose was administered to the polyneuritic birds. 


* Some of the material contained in this paper is taken from a thesis sub- 
mitted in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Biochemistry in the Graduate School of the University of 
Southern California. 

t Present address Department of Biology, University of San Francisco, 
San Francisco. 
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The present investigation was designed to study certain aspects 
of carbohydrate metabolism in animals suffering from an inade- 
quate intake of thiamine. Since such a study is complicated by 
effects due to inanition or a moribund state, a subacute deficiency 
was produced by the administration of suboptimal amounts of 
thiamine. This deficiency state was characterized by a relatively 
constant weight and food intake but a pronounced disturbance in 
intermediary metabolism of carbohydrate as evidenced by studies 
of the urinary pyruvate according to the procedure of Harper and 
Deuel (6). 

Under these conditions studies of the rate of absorption of glu- 
cose from the intestine and the rate and extent of hepatic glyco- 
genesis and glycogenolysis correlated with the blood sugar level 
were carried out. In addition, a study of the ability of the avita- 
minotic organism to convert ingested lactate and pyruvate into 
glycogen was undertaken. Finally, confirmatory evidence of the 
phenomena observed in connection with glycogen metabolism in 
the liver was obtained by a study of the ketolytic action of glucose 
in thiamine deficiency. 


EXPERIMENTAL 


Rats, 120 to 160 gm. in weight, were selected from our stock 
colony for these experiments. Males were used for all of the ab- 
sorption and glycogen investigations and females for the ketosis 
studies. The experimental plan involved a comparison of animals 
maintained on a diet deficient in thiamine with those adequately 
nourished with respect to this factor. Such normal animals were 
always maintained on the deficient diet supplemented with 100 y 
each of thiamine, riboflavin, and pyridoxine per week,' for several 
days prior to the experiment. The depletion of the thiamine re- 
serves and maintenance of the subacute avitaminotic state were 
accomplished by the use of a diet formulated and supplemented as 
previously described (6). The adequacy of this diet so supple- 
mented was assayed by preliminary studies of its growth-promoting 
power. These observations indicated that only thiamine was the 
limiting factor, for the growth rate was proportionate to the degree 
of thiamine supplementation. 


1 Crystalline supplements were obtained from Merck and Company, Inc. 
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Absorption of Glucose from Intestine—Preparatory to studies of 
the rate and extent of glycogenesis, the effect of a deficiency in 
thiamine on the rate of glucose absorption from the intestine was 
studied. For the determination of the coefficient of absorption of 
glucose the procedure of Cori (7) was used. Following a 24 hour 
fast during which only water was allowed, the animals of the 
various experimental groups were fed glucose by stomach tube. 
Absorption was allowed to proceed for 1 or 2 hours, when the 
animal was anesthetized by the intraperitoneal injection of sodium 
amytal. The entire intestinal tract from duodenum to rectum was 
then dissected and the contents washed out by means of warm 
water administered by stomach tube. Further treatment and 
assay of the glucose in the gut washings was carried out as described 
by Deuel et al. (8). The glucose recovered has been corrected to 
conform to the limitations of the technical procedure which proved 
to be capable of accounting for 95 per cent of the administered 
glucose in control experiments in which lavage was completed as 
soon as possible after oral administration of the sugar. 

The estimation of absorption rates at the end of 1 hour is not 
reliable because of marked differences in the rate of gastric motility. 
Since little or no glucose is absorbed from the stomach (9, 10), 
absorption cannot take place until the sugar enters the intestine. 
One may thus observe markedly varying absorption rates during 
this period (11). For this reason a statistical appraisal of the 
apparent differences in the rate of absorption by the Fisher ¢ 
method (12) fails to prove them significant. The 2 hour period 
of comparison is more valuable and in these experiments it has been 
used to determine the absorption rates for glucose. 

In the experiments reported in Table I it is apparent that a 
significant decrease in the rate of absorption of glucose has been 
observed, amounting to 27 mg. or 17 per cent of normal. This 
relatively mild but definitely decreased absorption would appear 
to substantiate further the belief that in this case one is dealing 
with a controlled subacute deficiency state. In view of the well 
known observation that diminished function of the alimentary 
tract is a common attribute of thiamine deficiency (13-17), this 
quantitative evidence for retarded glucose absorption is not sur- 
prising. Whether this effect is due to the atony of the gastro- 
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intestinal tract or the thiamine deficiency per se has not been 
proved by these experiments. 

Glycogenesis, Glycogenolysis, and Blood Sugar Levels—Male rats, 
normal or thiamine-deficient, were fasted 48 hours with water ad 
libitum allowed during this period. Certain of the animals were 
then anesthetized by the intraperitoneal injection of sodium amytal 
and the liver glycogen and blood sugar determined to obtain con- 
trol values for these factors. Others were fed glucose by stomach 
tube, 1 cc. of a 35 per cent solution per 100 gm. of body weight, and 


TaBLe I 
Comparison of Glucose Absorption in Normal and Thiamine-Deficient 
Male Rats 











=< | l st 
5 § | 83 12] ¥ 2 | Ble 
. : e : ° | < 
“ = | Thiamine | 36 /| S| ¢ ge | Coefficient of ot 4/8 2 
Se status ~? 2 | & | Se absorption* 5 5 $3 
ric gi| 8) 2 | 28 = | @ | Fs 
oe 2 |< | 5/6 | Alc ia 
: % eee Bet oe wees =e 
; mg. mg 
hrs gm. |per 100\per 100) "4 Pe” - gm ee 
| i OP per hr 


1 | Normal | 10 | 132 335 | 152 | 183.0 + 14.4 
Deficient | 11 | 122 | 320 | 159 | 161.0+ 9.2| 22 | 1.24 2.86 

2 | Normal | 10 | 139 | 337) 19 | 150.04 3.3 | 
Deficient 10 | 124 | 326 | 62 | 132.04 3.1, 27 | 5.66 2.88 


Vid/n 

~af 

t Based on a P value of 0.01 (chances of difference in result being due to 
errors in sampling 1 in 100). 


* Including the standard error of the mean calculated as follows: 


sacrificed 3, 6, or 12 hours after the feeding in order to determine 
the liver glycogen and blood sugar at these various intervals. 

The determination of the blood sugar was made by removal of 
blood directly from the ventricle exposed after anesthesia had 
supervened. The method of Folin and Malmros (18) was used 
for assay of the blood samples, with colorimetric comparison 
carried out by means of a Klett-Summerson photoelectric colori- 
meter having the No. 54 filter. Immediately after the blood 
samples were obtained, the liver was dissected out and glycogen 
determined by the usual procedure of this laboratory (19). The 
results of these experiments are detailed in Table II. 
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A definitely diminished quantity of glycogen was found in the 
liver of the thiamine-deficient rats observed 3 or 6 hours after the 
feeding of glucose when a comparison with similarly treated normal 
rats was made. The diminished absorption of glucose in the 


TaBie Il 
a iver G ilycogen and Blood Sugar after Glucose 
































F No. of “| | | 
b~-4 ie i, 
Period after |————| Thia-|“iS'ee" [pitter-| | quant |A¥®°9@¢l pitter-|_¢ | “cant 
feeding é | statis" alyeo- ence ey my blood ence — a 
S18) | 
| o|@ | 
hrs. | | per cent po | 100 cc. r hg 
Controls | 12| 12| N. | 0.35 | 126 | 
hod | £0.06 +3.0 
. | 15 11) Dz 0.26) 0.09 0.95) 2.79 | 138 12 1.24) 2.83 
| | +0.06 | | 7.1 
3 10, 10} N. | 2.34 162 
| | 40.10) | +8.0 
3 | 9 8 D.| 1.80] 0.54) 3.86] 2.90/ 176 | 14 | 1.15] 2.92 
y Wipe | +£0.08 +6.0 
6 19, 19} N. | 2.01 | 178 
40.10 +4.5 
6 10,10, D. | 1.46] 0.55, 3.22) 2.77 | 190 | 12 | 1.53) 2.77 
| | | — | £0.12 aude +6.0 | 
12 |13/13) N.| 1.32 «| | 169 | 
iy | +£0.09 +8.0 | 
12 | 12) 11) D. | 1.49) 0.17) 1.21) 2.81 | 145 | 24 | 2.10) 2.82 
| | | +£0.09 | | +6.0 
*N. = normal; D. = deficient. 


t Including the standard error of the mean. 
t Based on a P value of 0.01 (chances of differences in result being due to 
errors in sampling 1 in 100). 


thiamine-deficient animals should account for a certain amount of 
this effect. It is questionable whether it accounts for all of it. 
The blood sugar levels for these periods do not appear significantly 
different. 

The results for the 12 hour period are particularly noteworthy. 
For, although the thiamine-deficient animals exhibited significantly 
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lowered hepatic glycogen at 3 and 6 hours after the glucose feed- 
ings, the comparison made 12 hours after this event reveals no 
significant difference between normal and deficient animals. In 
fact the latter group has maintained the liver glycogen at the same 
level as had been observed at the end of 6 hours, while the glycogen 
of the normal liver has decreased at the usual more or less regular 
rate in answer to the metabolic demands of the organism. Since 
the livers of normal animals had previously contained more gly- 
cogen than those from the deficient group, the observation that at 
12 hours the values are quite similar is explainable on the basis of 
a difference in the rate of glycogenolysis. At this period, some 
degree of significance attaches to the differences in the blood sugar, 
since a comparison of the ¢ values yields a P of less than 0.05. 

These observations indicate that there is some retention of the 
hepatic glycogen in the thiamine-deficient animals, a phenomenon 
emphasized by Abderhalden and Wertheimer (20) as very charac- 
teristic of avitaminosis B in pigeons. 

Glycogenesis after Lactate or Pyruvate—The observation previ- 
ously mentioned that in vitro thiamine-deficient tissues exhibit a 
diminished ability to synthesize carbohydrate from pyruvate or 
remove lactate made it of interest to study this phenomenon in 
vivo as applied to hepatic glycogenesis. 

Following a 48 hour fast, both normal and deficient test animals 
were fed 1 cc. of a 15 per cent solution of sodium /(+-)-lactate per 
100 gm. of body weight or 2 cc. per 100 gm. of body weight of a 
sodium pyruvate solution containing 100 mg. (calculated as py- 
ruvic acid) of sodium pyruvate per cc. In these dosages no 
toxicity was observed and no marked intestinal disturbances were 
noted. A 6 hour period after the feeding of the salts was chosen 
for the removal of the liver, since Shapiro (21) had reported 
maximum glycogen formation at this interval. 

Table III records the quantities of liver glycogen formed 6 hours 
after the feeding of these metabolites. A statistical appraisal of 
the apparent differences between the normal and thiamine-defi- 
cient animals indicates that there was no actual diminution of the 
ability of the avitaminotic organism to form liver glycogen from 
these intermediates. The lack of agreement between these results 
and the in vitro evidence (4) might be attributed to the fact that 
the degree of thiamine deficiency of these experiments was less 
pronounced than in the in vitro experiments of Barron and Lyman. 
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Ketolytic Effect of Glucose in Thiamine Deficiency—The ability 
of glucose to reduce the endogenous ketonuria following the de- 
velopment of a fatty liver in rats was a further aspect of the carbo- 
hydrate metabolism of thiamine-deficient animals to be studied. 
The experiments were carried out on female rats. Litter mates 
were selected and divided into two groups. One group was main- 
tained on the normal stock diet; the other was reduced to a 
subacute state of thiamine deficiency. For a period of 2 weeks 
immediately preceding the experiments both groups were placed 
on a high fat diet similar to that used by Deuel, Hallman, and 
Murray (22): casein (vitamin B-free) 5 per cent, Crisco 38 per 


TABLE III 


Comparison of Liver Glycogen Formed 6 Hours after Feeding l(+-)-Sodium 
Lactate or Sodium Pyruvate to Normal and Thiamine-Deficient Male Rats 














Thiamine | No. of | | Differ- . — 
Substance fed pr ewreers | — | Average glycogen* | ones — value 
i. Fae 
per cent per cent 
l(+)-Sodium lac- | Normal | 11 | 1.48 40.16 | 
tate Deficient | 10 1.18 + 0.18 | 0.30) 1.18 | 2.86 
Sodium pyruvate Normal 11 | 1.00+ 0.10 
11 | 1.15+0.18 | 0.15 0.68 2.84 


Deficient 


* Including the standard error of the mean. 
t Based on a P value of 0.01 (chances of difference in result being due to 


errors in sampling 1 in 100). 


cent, glucose (cerelose) 43 per cent, Cellu flour 5 per cent, auto- 
claved yeast (Harris) 2 per cent, supplemented with riboflavin, 
pyridoxine, and variable amounts of thiamine as previously de- 
scribed. 

For the production of a ketonuria the animals were fasted. 
During this time approximately half the members of each group 
were fed glucose in sodium chloride, by stomach tube, while the 
control group received only sodium chloride to induce diuresis. 
For the Ist day of the fast only salt was given. A ketolytic effect 
was induced by the administration twice daily of 0.5 cc. per 100 
sq. em. of body surface of a solution of glucose in 10 per cent 
sodium chloride containing 50 mg. of glucose per cc. Similar 
amounts of a 10 per cent sodium chloride solution were fed to the 
controls. 
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The urine was collected and diluted to 20 cc., representing a 24 
hour sample. Total acetone bodies were determined by the Van 
Slyke procedure and urinary nitrogen by the Kjeldahl method. 
At the expiration of the 4 day experimental period, the animals 
were sacrificed and the livers removed for assay of the water and 
lipid content by procedures previously described (22). 

Table IV records the ketonuria and urinary nitrogen obtained 
in the various experimental groups during the 2nd and 3rd days 


TaBLe IV 
Acetone Body Excretion and Urinary Nitrogen in Mg. per 100 Sq. Cm. 
per Day 
ae No. of | Body weight |. ‘ = M.d. Urine 
‘aon | expen | —————_ aren | uri ISeam.a!} mito 
gm. gm. | aq. em, | 
Normal | Fasting con-| 16 | 151.0] 131.1| 254.5] 25.3 26 .6 
| trols; salt | +3.6 | +1.2 
only 
| Glucose fed | 19 | 152.2) 130.6) 255.5) 17.2 | 1.9 | 25.5 
| +2.3 +1.2 
Deficient |Fastingcon-- 12 | 145.5] 121.0) 248.4) 25.6 | 27.2 
trols; salt | +3.6 | 1.4 
only 
Glucose fed | 20 | 128.2} 108.9) 230.5) 12.0| 3.4 | 24.3 
+1.8 | 1.1 





* Based on weight at start of fast. Calculated by the formula of Lee, 
surface area (sq. cm.) = KXW*-* (23); K=12.54; W=weight in gm. 

t Including the standard error of the mean; 2nd and 3rd experimental 
days. 

t Ratio of mean difference to the standard error of the mean difference. 
When this value exceeds 3.00, the results are considered significant. 


of the fast. Because of a pronounced fall in the ketonuria on the 
4th day these experiments are not considered. The quantity of 
glucose administered did not serve to reduce significantly the 
ketonuria of the normal animals but was effective in the case of 
the thiamine-deficient animals, although the extent of the keto- 
nuria produced was very similar in both cases. 

The results of the assay of the water and lipid content of the 
livers of the experimental animals at the conclusion of the 4 day 
fasting period yielded values for all the groups ‘which were prac- 
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tically identical (19.9 to 23.2 per cent lipid). This indicates that 
the various experimental manipulations did not serve to alter 
these phases of metabolism. 


SUMMARY 


1. Certain aspects of carbohydrate metabolism in vivo were 
studied in animals reduced to a subacute state of thiamine de- 
ficiency. 

2. When compared to normal animals, there was observed a 
decrease in the rate of absorption of glucose from the intestine and 
the extent of hepatic glycogenesis as well as the rate of glyco- 
genolysis. 

3. This subacute state of thiamine deficiency did not alter the 
ability of the animal to convert orally administered /(+)-sodium 
lactate or sodium pyruvate into hepatic glycogen. 

4. In the thiamine-deficient animals, glucose was superior as a 
ketolytic agent for the reduction of an endogenous ketonuria 
produced after high fat diets. 


The author wishes to thank Lucien A. Bavetta for the prepara- 
tion of the optically active ammonium zinc double salt of lactic 
acid which was used in these experiments. His gratitude is also 
extended to Dr. H. J. Deuel, Jr., for his generous advice and as- 
sistance in the conduct of this study. 
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THE DENATURATION OF PROTEINS AND ITS APPARENT 
REVERSAL* 


I. HORSE SERUM ALBUMIN 
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Durham, North Carolina) 


(Received for publication, June 9, 1941) 


Denaturation of certain globular proteins is accompanied by an 
increase in the relative viscosity of their solutions (2-4) and a 
decrease in their diffusion constant (2). These effects are in- 
dicative of changes in molecular dimensions and can be used for 
studying the denaturation of a protein and its apparent reversal 
(5-13). 

For protein denaturation to be strictly reversible all changes 
occurring during denaturation (14-16) must be reversible. The 
present paper is mainly concerned with dimensional changes as 
determined by comparative diffusion and viscosity measurements 
on solutions of native, denatured, and “reversibly” denatured! 
serum albumin. Comparative electrophoretic, chemical, and 
immunological measurements are under way and will be presented 
in future publications. 


EXPERIMENTAL 
Material 
Crystalline serum albumin Fractions A and B were prepared by 
the sodium sulfate method of Kekwick (17). The protein was 


* Presented at the Thirty-fifth annual meeting of the American Society 
of Biological Chemists at Chicago, April 15-19, 1941 (1). 

1 The term “‘reversibly’’ denatured is employed here mainly in order to 
conform with the terminology of the literature and not as an accurate 
description of the process. In the present usage, “‘reversibly’’ denatured 
protein denotes that fraction which, following reversal of the conditions 
used for denaturation, approximates most closely the properties of the 
native protein. 
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preserved by desiccation from the frozen state (18) and dissolved 
when needed. Since it was soon found that the results obtained 
with Fraction A (containing 1.95 per cent carbohydrate) could be 
duplicated with Fraction B (0.08 per cent carbohydrate), most of 
the work described below was carried out with the former, as it 
was available in larger quantities. Evidently, the carbohydrate 
content has no relation to the processes studied here. 

Urea (Merck) was recrystallized twice by dissolving in 70 per 
cent ethanol at 40° and chilling the saturated solutions to —9° (19). 
Aqueous solutions of the purified material were free from ammonia 
and had a pH of 6.8 to 7.0. 

Guanidine hydrochloride (Eastman) was recrystallized twice at 
room temperature by adding 1 part of dry ether to 1 part of a 
saturated solution of the salt in absolute methanol.? The crystals 
were washed and dried for several days in vacuo. The concen- 
trated solutions had a pH of 6.8. 


Methods 


Diffusion measurements were performed with the refracto- 
metric scale method at 25° + 0.003°, as was described in previous 
publications from this laboratory (20, 21). 

Density was measured in 5 ce. capped pycnometers at 25°. 

Viscosity measurements were carried out at 25° + 0.01° with 
the modified Ostwald viscometers described previously (22). 
For measurements under varying velocity gradients, pressure 
viscometers of the type described by Bingham and Jackson (23) 
were used. They were calibrated with water and the measure- 
ments corrected for the contribution of the kinetic energy. The 
average velocity gradient could be varied between 175 and 2000 
sec.'. A pressure control apparatus of the type described by 
Bingham (24) allowed the external pressures to be kept constant 
to within 1 mm. of water during the measurements. 


Results 


Denatured Serum Albumin in Urea and Guanidine Hydrochlo- 
ride—The diffusion constants and viscosities of serum albumin 
have been found previously (2) to change gradually with increasing 
concentration of urea up to about 6.7 mM. In the present work, 


2? Personal communication of Dr. J. P. Greenstein. 
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the denaturing power of urea and that of guanidine hydrochloride 
were compared with one another in 8 M solutions,’ in the presence 
of acetate buffer of pH 5.0 containing 0.023 m acetate and 0.2 m 
NaCl. 

The relative viscosities were determined in protein concentra- 
tions between 0.1 and 1.1 per cent and are plotted in Fig. 1 against 
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Fic. 1. Relative viscosities of serum albumin plotted against the protein 
concentration in weight per cent. The curves refer to, in order of decreas- 
ing slopes, the denatured serum albumin in 8 m guanidine hydrochloride 
and in 8 mM urea, the irreversibly denatured protein at pH 4.0 and pH 7.1, 
the native serum albumin, and the ‘‘reversibly’’ denatured (‘‘renatured’’) 
serum albumin. 


concentrations expressed in weight per cent. The limiting slopes 
of the curves were determined from the intercept when 7,,/c 


* The concentrations are expressed here in molarities. The values given 
by Greenstein approximate molalities rather than molarities inasmuch as 
the solutions were prepared by adding a given amount of the substance to 
a given volume of the solvent (14). 
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was plotted against c, where 7,, is the specific viscosity and ¢ the 
concentration (25). Comparative measurements in the pressure 


TABLE I 


Diffusion Constants of Denatured, “ Reversibly’’ Denatured, and Irreversibly 
Denatured Serum Albumin 

¢t = time in seconds; D = average diffusion constant in sq. cm. per 
second; D’ = diffusion constant corrected for the viscosity of the solvent 
with Equation 1; D,, D2, and D, are the diffusion constants calculated by 
the maximum height, standard deviation, and successive analysis methods 
respectively. Unless otherwise indicated, each D; value is the mean of 
about six values determined from evenly spaced parts of the diffusion 
curves (22). 








Cate] «| | ™ | m [Saer| mn |» |» 
Srnee stents in Os eee Serum albumin reversibly” denatured 
per cent sec. 107? | 107 10°? | per cent | sec. 10-7 107 10° 
1.2 | 52,320 | 2.36 | | 2.32| 1.2 | 32,760 | 7.08 6.98 
76,680 | 2.26 | 2.38 | 66,420 | 6.68 7.11 
0.8 | 32,640 | 2.15 0.8 | 20,520 | 7.09 at 
75,660 | 2.21 | 2.23 | | 40,560 | 7.11 
—_—_—— | | 105,600 | 6.75 
Average..... | 2.27 X 1077+ 0.09) — 
Br aveech .... | 4.13 X 10-7 Average..... | 6.98 X 10°7 + 0.22 





ie ewe Teo 4 ee | 7.17 X 10°77 


‘ren poi in8™u guanidine 


hyd Grochioride | 
—— — | Irreversibly denatured by 8 m urea, at pH 7.1 
1.1 | 64,080 | 1.47 e | ee poodle 
0.8 | 21,540 | 1.33 1.31 | 0.8 | 32,820 | 4.27 
| 44,820 | 1.46 52,980 | 4. a 4.11-5.60 
79,440 | 1.44 | 81,600 | 4 5.18 
Average.....| 1.46 X 107 + 0.08 | Limiting value it 5.60 xX 10°? 


| ferret, + bo a, LD consees ....| 6.74% 107 


Irreversibly aunetened iy 8 m urea, at pH 4 40 


0.4 24,960 3.83 
| 35,340 3.71 Indefinite 
0.2 | 21,240 3. 16 





viscometer indicated the relative viscosities to be independent 
of the velocity gradient between 175 and 2000 sec.—', in agreement 
with similar findings by Greenstein (26). 


























Neurath, Cooper, and Erickson 253 


The results of the diffusion measurements are given in Table I. 

Apparent molecular shapes of the denatured protein were cal- 
culated from the limiting slopes of the viscosity curves, with the 
Simha equation (27), assuming the molecular weight of the de- 
natured protein to be the same in urea and guanidine as that of the 
native protein in aqueous solution (28) (Table II). The apparent 
molecular shape was also calculated from the observed diffusion 
constant, corrected for the viscosity of the solvent, and the 
spherical diffusion constant Do, with Perrin’s equation (22). 
The results indicated that the asymmetries calculated from diffu- 
sion were consistently higher than those derived from viscosity 
data. If both sets of data are expressed in terms of dissymmetry 
constants, f/fy (29), the constants evaluated from the diffusion 
data, (f/fo)p, exceed those evaluated from viscosities, (f/fo),, by 
a factor of 1.1. Hence, the molecular weights calculated from 
diffusion and viscosity measurements in concentrated urea or 
guanidine hydrochloride solutions, when the method discussed in 
detail previously (22) is applied, are about 50 per cent higher than 
those found by osmotic pressure measurements. The origin of 
this discrepancy, already noted by Neurath and Saum (2), has 
been traced in the present work to the viscosity correction of the 
diffusion constants when measured in solutions of high viscosity. 


D'=D~ (1) 
mo . 

where D is the measured diffusion constant, 7/no the measured rela- 
tive viscosity of the solvent, and D’ the corrected diffusion constant. 
A solution of native serum albumin in 10 per cent sucrose contain- 
ing the same acetate buffer used for the measurements in urea or 
guanidine hydrochloride was prepared and allowed to diffuse 
against a solvent of the same composition. Diffusion was meas- 
ured with 0.9 and 0.7 per cent protein solutions. The observed 
diffusion constant was found to be 4.86 X 10-7 + 0.13 (standard 
deviation of the mean from six values), which, corrected for the 
relative viscosity of the solvent (n/7o = 1.327), yields a value of 
6.43 X 10-7, as compared with a value of 6.99 X 10-7 in the absence 
of sucrose. Yet the limiting value for ,,/c was found to be 4.30 in 
10 per cent sucrose as well as in buffer solution. These results 
suggest that the normal viscosity correction (Equation 1) is not 
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applicable when the viscosity of the solvent is high, and furnish an 
experimental explanation for the discrepancies noted above.‘ 
When this empirical correction factor was applied to the data, 


TaBie Il 
Molecular Constants of Native, Denatured, ‘‘Reversibly’’ and Irreversibly 
Denatured Serum Albumin Fractions 


np/e = the limiting slope of the curves obtained when the specific 
viscosity is plotted against the protein concentration; b/a = the ratio of 
the axes for a prolate ellipsoid calculated with the Simha viscosity equation 
and neglecting solvation; (b/a), = the ratio of the axes, assuming 33 per 
cent hydration; D’ = the diffusion constant corrected for the viscosity of 
the solvent with Equation 1; (f/fo), = the dissymmetry constant caleu- 
lated from viscosity data; (f/fo)) = the dissymmetry constant from diffu- 
sion data, assuming a molecular weight of 70,000; and M = the molecular 
weight calculated from diffusion and viscosity data. 


Protein | we. . (+), | : D’ (4), (4), as 


| # 
eee £30 5.0 | 3.3 6.99 1.25 | 1.27 | 71,900 
Denatured in 8 M | 


urea... | 22.25 | 16.8 | 13.3| 4.13 | 1.86 | 2.12 | 77,800° 
Denatured in 8 M | 

guanidine hy- | | 

drochloride 31.55 20.9 16.7 3.74 2.03 | 2.34 | 80,600* 
“Reversibly”’ de- | 

natured by 8 m 

ee 4.10 + 
Irreversibly dena- 

tured by 8 m | 


23 | 1.22 | 70,300 


~4 
~~ 
“I 
~JI 


urea, at pH 7.1 5.90 6.6 | 4.7 5.74 104,000 
(Aver- (Aver- | (Limit- | (Aver- 
age) age) | ing age) 

value) 


* Molecular weight calculated with the empirical correction for the 
diffusion constant (see the text). 


values for the molecular weight of the denatured protein in urea 
and guanidine hydrochloride were obtained as listed in Table II. 
In Table II there are also listed values for the molecular shape, 
(b/a),, calculated for 33 per cent hydration. 


‘ Further studies on this effect are in progress. 
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Distribution between ‘‘Reversibly’”’ and Irreversibly Denatured 
Serum Albumin—When solutions of serum albumin in concentrated 
urea are dialyzed in the cold against distilled water and subse- 
quently exposed to room temperature, a precipitate appears, firmly 
adhering to the walls of the container. Further investigation led 
to the following method for optimal separation of soluble and in- 
soluble protein. A 2 per cent protein solution in a given concen- 
tration of urea or guanidine hydrochloride was allowed to stand at 
room temperature for about 20 hours. The solutions were then 
dialyzed against running water at 4—5° until the dialysate was free 
from urea, or guanidine hydrochloride. They were then adjusted 
to pH 5.25 (with 0.2 n sulfuric acid) and exposed for 30 minutes to 
41° in a water bath, resulting in precipitation of the insoluble 
fraction. Longer heating of the supernatant solution at 41° did 
not produce further precipitation. The precipitate was collected 
by centrifugation, washed once with distilled water at 41°, and then 
dissolved at pH 4 or 7.1. 

Separation could also be accomplished by fractional precipitation 
with sodium sulfate. It was found that, after the denaturing 
agent was dialyzed out, a fraction was precipitated from a 3 per 
cent solution at pH 4.9 when the sodium sulfate concentration was 
made 20 gm. per 100 cc. of solution, whereas 23.5 gm. of salt were 
needed to precipitate the remaining protein from the supernatant 
solution. The quantitative distribution obtained by the salt 
method was the same as that obtained by the heating method. In 
view of the solubility properties of these two fractions, as compared 
with those of the native protein, we shall, in the following, refer to 
the insoluble fraction as irreversibly denatured and to the soluble 
fraction as ‘‘reversibly”’ denatured protein. 

The distribution between the two fractions, as a function of the 
concentration of the denaturing agent originally present, was in- 
vestigated by preparing 10 cc. samples of 2 per cent protein in 2, 
4, 6, and 8 m urea, or guanidine hydrochloride, and using the 
method of heat separation for analysis. Protein concentration 
was determined by the Koch-McMeekin method (30). The re- 
sults of triplicate determinations are given in Fig. 2 in which per 
cent of total protein irreversibly denatured is plotted against the 
concentration of denaturing agent originally present. It will be 
noted that the maximum yield of 15 per cent irreversibly denatured 
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protein is independent of the urea concentration above 6 mM. The 
same limiting value is reached in guanidine hydrochloride concen- 
trations above 2 M. 

“Reversibly”’ Denatured Serum Albumin—In order to investigate 
the properties of the “reversibly” denatured material, a large batch 
of serum albumin in 2 per cent solution was denatured by 8 M urea 
and the irreversibly denatured fraction removed by the method of 
heat treatment at 41°. Diffusion measurements on the unfrac- 
tionated supernatant protein solution in the presence of 0.023 m 
acetate buffer at pH 5.0, containing 0.2 mM NaCl, revealed the pres- 
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Fic. 2. The fraction of total serum albumin irreversibly denatured after 
dialysis, plotted against the molarity of urea or guanidine hydrochloride 
at which denaturation occurred. The circles refer to urea; the triangles to 
guanidine hydrochloride. 


ence of more than one component in these solutions. The mean 
diffusion constant, calculated by the maximum height method ((22) 
Equation 6) was found to be 6.0 X 10~’, as compared with a value 
of 7.0 X 10-7 for native material, whereas calculations by the 
method of successive analysis ((22) Equation 8) yielded a limiting 
value of 7.0 X 10-7 in the region below their inflection points. Vis- 
cosity measurements on this material yielded a limiting value of 
nsp/¢ of 4.50 as compared with 4.30 for the native protein. 

In order to purify the “reversibly” denatured serum albumin, 
the protein was subjected to fractional precipitation with sodium 
sulfate. After it was ascertained that heating of solutions of native 
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material to 41° did not impair its ability to crystallize, although it 
changed the crystal form to that of long, narrow needles, 100 cc. of 
a 3 per cent solution of “reversed” denatured serum albumin were 
adjusted to pH 4.9 and solid sodium sulfate added slowly with 
stirring. Increasing the salt concentration up to 20 gm. per 100 ce. 
resulted in the precipitation of small amounts of amorphous ma- 
terial. Upon further addition of 3.5 gm. of sulfate (a total of 
23.5 gm.) to the filtrate a bulky precipitate of amorphous protein 
settled out. The final filtrate contained only traces of protein. 
Analogous results were obtained with serum albumin Fraction B, 
or when precipitation was carried out at pH 6.0 instead of at 4.9. 
Similarly, the precipitate was amorphous if the irreversibly de- 
natured protein was first removed by salt precipitation instead of 
by heating to 41°. 

The fraction precipitating at a concentration of 23.5 gm. of 
Na2SO, per 100 ce. of solution was dissolved in water, dialyzed, 
and subjected to diffusion and viscosity measurements in the 
presence of acetate buffer of pH 5.0. The results of the diffusion 
measurements listed in Table I indicate that the material is es- 
sentially monodisperse. The diffusion constant of 7.17 XK 1077 is 
somewhat higher than that of the native protein, whereas the 
limiting slope of the viscosity curves reproduced in Table II 


’ Anson and Mirsky (9) reported the crystallization of serum albumin 
after reversing the denaturation by acid acetone. Since little is known 
about the comparative effects of acid acetone and urea, or guanidine hydro- 
chloride, no conclusions can be drawn from the discrepancy between Anson 
and Mirsky’s findings and those reported here. However, it has been 
found possible to obtain a minor part of the ‘‘reversibly’’ denatured ma- 
terial in crystalline form. If the amorphous precipitate is redissolved in 
water and dialyzed, an amorphous fraction precipitates after 22.5 gm. of 
solid sodium sulfate have been added per 100 ec. of a 3 per cent protein 
solution at pH 4.9. After the salt concentration of the supernatant is 
raised to 25 gm. per 100 cc., a crystalline precipitate is obtained, the crystals 
being different from those of the native protein heated to 41°. They have 
the shape of small, pointed needles, clustering together in a fan-shaped 
manner, and resembling closely those of Bence-Jones protein. The protein 
remaining in the supernatant solution is amorphous when precipitated by 
increasing the salt concentration by slow evaporation. Our findings differ 
from those of Burk (28) who obtained crystals from serum albumin revers- 
ibly denatured by 6.66 mM urea, indistinguishable from those of the native 


protein. 
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(nsp/¢ = 4.10) is somewhat lower than the value found for the 
native protein. The molecular weight of 70,300 (Table IT) eal- 
culated from diffusion and viscosity data agrees with that of 
native serum albumin. 

Irreversibly Denatured Serum Albumin—The precipitate of ir- 
reversibly denatured protein, obtained by either heat treatment or 
fractional precipitation with salt, was of jelly-like consistency and, 
when suspended in dilute acid at pH 4, in the absence of salts, 
swelled up like gelatin before going into solution. After any undis- 
solved material was centrifuged off, the viscous solution was ad- 
justed back to pH 5.25; the precipitated protein was washed with 
distilled water and redissolved at the desired pH. Viscosity 
measurements were carried out in 0.025 n phosphate buffer at pH 
7.1 containing 0.1 N NaCl, in 0.05 N veronal-acetate buffer at pH 
7.5 containing 0.1 N NaCl, and in 0.05 n acetate buffer at pH 4.0 
containing 0.1 N NaCl. The results of the viscosity measurements 
are plotted in Fig. 1. The points obtained at pH 7.5 fell on the 
line shown here for pH 7.1, whereas the slope of the curve obtained 
at pH 4.0 was higher. The relative viscosity at pH 7.5 was 
independent of the velocity gradient as measured in the pressure 
viscometer. 

The results of the diffusion measurements are summarized in 
Table I. From the limiting value of the diffusion constant, 
measured at pH 7.5 and calculated by the method of successive 
analysis, and the mean value of 7,,/c, a mean molecular weight of 
about 104,000 was calculated (Table II), indicating the occurrence 
of irreversible aggregation. The lower diffusion rate at pH 4.0 
was probably caused by a retardation in the diffusion rate at this 
pH due to gel structure.® 


DISCUSSION 


The present viscosity and diffusion measurements of denatured 
serum albumin in the presence of urea or guanidine hydrochloride 
agree with the findings previously reported by Neurath and Saum 


6 The solutions do not exhibit double refraction of flow in the simple 
apparatus described by Edsall and Mehl (31) nor does the protein sediment 
in the analytical centrifuge under the influence of a centrifugal field 47,000 g. 
Measurements of the viscosity in a modified Couette viscometer will be 
reported later. 
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(2). The discrepancies between molecular weights calculated on 
the one hand from diffusion and viscosity data and on the other 
from osmotic pressure determinations (28) are greatly reduced if 
the viscosity data are interpreted with the Simha equation and if 
for diffusion measurements, in solvents of relatively high viscosity, 
the empirical correction factor is introduced. 

The changes in viscosity and diffusion accompanying denatura- 
tion may be ascribed to changes in molecular volume, shape, or 
both (2). If the effects observed for the urea denaturation were to 
be interpreted solely in terms of a combination between serum al- 
bumin and urea, solvation to the extent of about 2.7 gm. of urea 
per gm. of protein would have to be assumed, equivalent to about 
3200 molecules of urea per protein molecule. If, however, the 
changes in relative viscosity and diffusion constant are ascribed 
entirely to an increase in molecular asymmetry, values are ob- 
tained as given in the fourth column of Table II. The interpreta- 
tion in terms of increased asymmetry receives support from the ob- 
served increase in the relative viscosity of egg albumin (3) and 
hemoglobin (4) following denaturation by heat, a reaction which, 
if anything, causes a decrease in the hydration of the protein (32). 
Furthermore, the formation of fibrous structures has been ob- 
served in urea denaturation of edestin and other proteins (33), and 
surface denaturation of a number of globular proteins is known to 
increase the asymmetry to the extent that the molecules unfold 
into structures closely resembling open polypeptide chains (34). 

The present measurements indicate a stronger denaturing power 
of guanidine hydrochloride as compared with equimolar concen- 
trations of urea, a conclusion already reached by Greenstein from 
measurements on protein sulfhydryl groups (14). 

The extent of apparent reversal of denaturation, as determined 
by differences in solubility of “reversibly” and irreversibly de- 
natured material, is a function of the concentration of urea or 
guanidine hydrochloride at which denaturation has occurred. An 
explanation for this phenomenon may be sought in any one of the 
following hypotheses. (1) Denaturation has been incomplete and 
the fraction which appears to be “reversibly” denatured has not 
been denatured in the first place. (2) Serum albumin consists of 
two components of closely related properties, one of them being ca- 
pable of “reversible” denaturation, the other one not. (3) The 
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solutions of denatured protein are homogeneous and separation into 
two fractions occurs as a result of removal of the denaturing agent 
by dialysis. If the first hypothesis were correct, 85 per cent of the 
total protein present in 8 m guanidine hydrochloride solution 
should be in the native state and should exhibit a diffusion con- 
stant 70 per cent higher than that observed. As the presence of 
two components of such widely different diffusion constants can be 
readily detected experimentally, this hypothesis appears to be dis- 
credited by the observed monodispersity of the solutions. If the 
second hypothesis were correct, redenaturation of the “reversibly” 
denatured fraction should be totally reversible. Instead it was 
found that the “reversibly’”’ denatured protein had an equal, if not 
higher susceptibility to irreversible denaturation than the native, 
20 and 19 per cent being irreversibly denatured by 4 and 6 m 
guanidine hydrochloride respectively, as compared with about 
14 per cent for the analogous experiments with the native material. 
These facts, incongruous with the first two hypotheses, appear to 
lend support to the third. 

The sigmoidal shape of the curve obtained when the fraction of 
total protein irreversibly denatured is plotted against the concen- 
tration of the denaturing agent (Fig. 2) suggests a statistical in- 
terpretation. Assuming that in the present case each concentra- 
tion of urea or guanidine hydrochloride represents a certain stage 
in the unfolding’ process of the protein molecules, as evidenced by 
the increase in molecular asymmetry, one may conclude that the 
greater the extent of unfolding the lower will be the probability 
that all molecules will find their way back to the condensed con- 
figuration. If the distortion in molecular configuration is small, 
as for instance, in 2 M urea solutions, ‘‘reversal’”’ of denaturation 
will be practically complete (2 per cent irreversibly denatured). 
As the unfolding process progresses, a higher fraction of the total 
protein will escape “‘reversal” until, in concentrations of urea 
higher than about 6 M, the extent of unfolding will approach a 
limiting maximum level and the probability of “reversal’’ its 
minimum (equivalent to 85 per cent of total protein). 


7 Whether the denatured molecule actually consists of an aggregation of 
disoriented polypeptide chains (33) or of an extended structure inter- 
mediate between that of polypeptide chains and the condensed configura- 
tion of the native molecule cannot be decided without further experimental 


evidence. 
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Previous evidence adduced in favor of “reversible” denaturation 
of serum albumin by heat or acid acetone (9, 10, 35) has been 
questioned by Hewitt (36) for insufficient proof of the protein 
having been denatured under the conditions employed. This 
criticism can hardly be applied to the present investigation, since 
the extent of denaturation was followed by measurements on the 
denatured protein in the presence of the denaturing agent. 

While diffusion and viscosity measurements failed to indicate 
any significant differences between native serum albumin and the 
material obtained after reprecipitation of the “reversibly” de- 
natured fraction, nevertheless, other observations cast some doubt 
on the strict reversibility of the denaturation of this protein. It 
was noted that the tendency and conditions for crystallization 
changed upon ‘reversal’ of the denaturation and that the al- 
legedly reversibly denatured protein had a somewhat higher solu- 
bility in sodium sulfate than the native. Also, electrophoretic 
measurements in the Tiselius apparatus, to be reported in detail 
elsewhere,® showed differences in electrophoretic mobility. 


The authors are indebted to the Rockefeller Foundation, to the 
Lederle Laboratories, Inc., and to the Duke University Research 
Council for support of this work. 


SUMMARY 


Denaturation of crystalline horse serum albumin by 8 M solutions 
of urea, or guanidine hydrochloride, results in a large increase in 
relative viscosity and a decrease in diffusion constant. In equi- 
molar solutions, guanidine hydrochloride is a more effective de- 
naturing agent than urea. The diffusion constant decreases in 
proportion to the increase in relative viscosity if a retardation of 
the diffusion rate by a constant factor is taken into account. The 
molecular weight of serum albumin does not appear to change 
during denaturation. 

Upon removal of the denaturing agent by dialysis, the protein 
separates into two fractions differing from one another in solu- 
bility. The more soluble fraction has been recognized as ap- 
parently “reversibly” denatured protein, whereas the more in- 


* Sharp, D. G., Cooper, G. R., Erickson, J. O., and Neurath, H., unpub- 
lished data. 
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soluble fraction is composed of irreversibly denatured material. 
The fraction of total protein irreversibly denatured increases in a 
sigmoidal manner with the urea or guanidine hydrochloride concen- 
tration at which denaturation occurred, reaching a maximum value 
of 15 per cent in 6 M urea, or 2 mM guanidine hydrochloride. This be- 
havior is believed to reflect a probability factor governing the re- 
formation of globular protein molecules from the denatured state. 

The protein obtained after fractional precipitation of the more 
soluble fraction with salt has about the same molecular weight and 
about the same apparent molecular shape as the native material. 
It differs from the latter, however, in solubility in sodium sulfate, in 
erystallizability, and in electrophoretic mobility. This suggests 
reversal of denaturation to be only apparent and not quantitative. 

The protein of the irreversibly denatured fraction is insoluble at 
the isoelectric point and is polydisperse when dissolved in solutions 
of pH 7.1. In slightly acid solutions it exhibits an apparent ten- 
dency for gel formation. 
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THE DENATURATION OF PROTEINS AND ITS APPARENT 
REVERSAL* 


II. HORSE SERUM PSEUDOGLOBULIN 
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In the preceding paper (2) the denaturation of horse serum al- 
bumin by urea and guanidine hydrochloride and its apparent re- 
versal were described. These studies have been extended in the 
present investigation to pseudoglobulin components with the 
object of determining any differences that may exist in the de- 
naturation process of the protein constituents of normal horse 
serum. Quantitative studies have been made possible by recent 
improvements in the experimental methods of isolating mono- 
disperse serum pseudoglobulin fractions (3, 4). Their known 
physical and chemical characteristics serve as a sensitive criterion 
for the extent to which denaturation can be reversed. 


EXPERIMENTAL 
Material 


The method of preparation of monodisperse fractions of serum 
pseudoglobulins by means of fractional precipitation with am- 
monium sulfate under defined experimental conditions relative 
to protein concentration, pH, and salt concentration has been 
described in a previous publication (3). The present measure- 
ments were carried out by the technique already described (2) with 
the pseudoglobulins GI and GII, precipitable by ammonium sul- 
fate at pH 6.4 within the limits of 1.1 to 1.36 and 1.4 to 1.6 m 
respectively. The molecular weights of GI and GII were found 


* Presented at the Thirty-fifth annual meeting of the American Society 
of Biological Chemists at Chicago, April 15-19, 1941 (1). 
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by diffusion and viscosity measurements to be 170,000, in satis- 
factory agreement with the values of 165,000 obtained by Tiselius 
for electrophoretically isolated material (5), and of 178,000 found 
by Burk (6) from osmotic pressure measurements.' 

Since it was found early in this work that no fundamental 
differences existed between the fractions GI and GII relative to 
the denaturation process as studied here, most of the measurements 
described below were carried out with the pseudoglobulin GIT, as it 
was available in larger quantities. 


Results 


Denatured Pseudoglobulin in Presence of Urea and Guanidine 
Hydrochloride—The diffusion and viscosity of pseudoglobulin were 
measured in the presence of different amounts of urea and guani- 
dine hydrochloride in solutions containing 0.05 N acetate buffer 
and 0.2 mM NaClat pH 5.5. The results of the viscosity determina- 
tions carried out at protein concentrations between 0.1 and 1.2 per 
cent are plotted in Fig. 1. 

As in the analogous studies on serum albumin (2), the relative 
viscosities increase with increasing concentration of the denaturing 
agent, the increase being greater for guanidine hydrochloride than 
for comparable concentrations of urea. The limiting slopes of the 
curves were determined from the intercept when 7,,/c was plotted 
against c, where 7,, is the specific viscosity and c the protein con- 
centration in weight per cent (7). Comparative measurements in 
the pressure viscometer showed the relative viscosities to be in- 
dependent of the velocity gradient within the region of 175 to 
2000 sec.—'. 

Diffusion constants were measured in conjunction with the 
viscosity determinations. The results are summarized in Table I. 

Analysis of the diffusion curves indicated the solutions to be 
essentially monodisperse in urea concentrations of 5 and 8 Mm, and 
in guanidine hydrochloride concentrations of 2 and 5.6 mM. In 
0.5 and 3 m guanidine hydrochloride there is some spreading of the 
values as determined by the method of successive analysis, in- 
dicating the presence of a small fraction of lower diffusion constant. 

Calculations of apparent molecular shapes and molecular weights 


1 Lower values, i.e. 142,000, have been reported by Cohn et al. (4) for 
material isolated by methods similar to those employed by the authors (3). 
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from diffusion and viscosity data were carried out as described in 
the preceding paper (2) and are summarized in Table II. There 
are also included values for the molecular shape, (b/a),, calculated 
with the assumption of 33 per cent hydration. The empirical 
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Kia. 1. Relative viscosities of pseudoglobulin denatured by urea and 
guanidine hydrochloride, plotted against protein concentration in weight 
per cent. Open circles refer to 3 m guanidine hydrochloride, open squares 
to 8 M urea, open triangles to 5.6 m guanidine hydrochloride, solid circles 
to 0.5 m guanidine hydrochloride, solid squares to 5 M urea, and solid 
triangles to 2 Mm guan-dine hydrochloride. 


viscosity correction for the diffusion constant (2) was applied to 
the measurements in urea solutions and to the measurements in 
guanidine hydrochloride in concentrations higher than 2 mM. In 
cases in which the solutions were found to be polydisperse, the 
limiting value of the diffusion constant was used for molecular 
weight calculations. 








TABLE I 


Diffusion Constants of Denatured and “‘Reversibly’’* and Irreversibly 
Denatured Pseudoglobulin 


{ = time in seconds; D = mean diffusion constant in sq. em. per second: 
Db’ = diffusion constant corrected for the viscosity of the solvent ((2) 
Equation 1); D,, Dz, and D; are the diffusion constants calculated by the 
maximum height, standard deviation, and successive analysis methods, 
respectively. Unless otherwise indicated, each D; value is the mean of 
about six values determined from evenly spaced parts of the diffusion | 
curves (3). | 











Con- | Con- | 
cen- t Di Des Ds cen- | t Dy De Ds; | 
tration tration | 
Pseudoglobulin in 0.5 m guanidine HC! Pseudoglobulin in 5 m urea 
ee sec jo? ja? jo? per ian 10-7 10-7 10-1 | 
cent | 
e 92 ff ; > 9 
iad ee 4 Ge acy 1.2| 38,640 | 2.97 
pempryas apo i 75,000 | 2.75 2.72 | 
82,140 | 3.91) 3.93-4 .42 104.400 | 2.77! 
— ; 2.65 
Limiting 164, 100 35) 
value 4 7 x . Average 2.76 X 10°77 + 0.12 | 
} 4.6 X If D’ 3.7 oy a 


Pseudoglobulin in 2 M guanidine HCl 
Pseudoglobulin in 8 mM urea | 

















0.55) 24,720 | 2.76) 
32.640 2.86) 1.2 | 86,400 | 1.76 
41.580 | 2 87| 109,440 1 68) 1.79 
73,380 2.79 2.89 132,420 1.75) 
51,165 | 1.65) 
Average 2.85 X 10-7 + 0.05 79,380 | 1.73) 1.89 
dD’ 3.19 10-7 103,680 1.62! 
Pseudoglobulin in 3 Mm guanidine HCl Average 1.70 * 10-7 + 0.09 
D’ 2.97 X 107-7 
0.8 | 20,520 | 2.88) 
20,400 | 2 67] Pseudoglobulin, “reversibly’’ denatured 
27.000 | 2.72) by 8M urea 
64,200 | 2.63) 2.58-3 .04 
$1,120 | 2.75) 2.61-3.07| 9.7 | 35,760 4.: 1.50 
15,600 4 ul 
Limiting 59,940 4. 9 
value 3.0 X i077 71,940 4.¢ i) 4.55 
D’ 3.7 X 10-7 
Average 4.53 X 10°77 + 0.12 
Pseudoglobulin in 5.6 Mm guanidine HCl dD’ 4.69 * 107-7 
1.2 42,780 | 2.50 2.47 Pseudogiobu lin, irreversibly denatured 
86.940 | 2.51 by 7.5 M urea, at pH 7 
0.8 37,080 | 2.45 ets Rie Ss ae ™ =m 
0.33, 40,740 | 0. 0.79 
Average 2.50 X 107 + 0.11 60,300 | 0.87 
socks sa ht 4.02 X 107 133,680 | 0.84 | 0.91-1.50 


* See (2), foot-note 2. 
268 





Neurath, Cooper, and Erickson 269 


Distribution between “‘Reverstbly’’ and Irreversibly Denatured 
Pseudoglobulins—Removal of urea or guanidine hydrochloride by 
dialysis against distilled water in the cold resulted in partial pre- 
cipitation of the proteins. The precipitate was of gelatinous con- 
sistency varying in amount with the pH of the suspension and with 


TaBLe II 
Molecular Constants of Native, Denatured, and ‘‘Reversibly’’ Denatured 
Pseudoglobulins 

n.p/¢ = the limiting slope of the curves obtained when the specific viscosity 
is plotted against protein concentration; 6/a = the ratio of the axes for a 
prolate ellipsoid, caleulated with the Simha viscosity equation, solvation 
being neglected; (b/a), = the axial ratio calculated for 33 per cent hydration; 
D’ = the diffusion constant corrected for the viscosity of the solvent 
((2) Equation 1); (f/fo) = the dissymmetry constant calculated from 
viscosity data; and M = the molecular weight calculated from diffusion and 


viscosity data. 





, R. b b mo 
Protein - |“ | ( =), D f M 
or | 
Native 6.60 7.2) 5.2) 4.75 | 1.39 |170,000 
In 0.5 m guanidine HCl 7.75 | 8.1 6.0 4.6* | 1.44 |170,000* 
‘* 2m guanidine HCl 14.90 13.0 10.0) 3.19 | 1.69 {307,000 
"a ei ” 27.0 19.0 | 15.0 | 3.7* | 1.95 | 95,900*T 
‘* 5.6 M guanidine HCl 27.0 19.0 | 15.0 | 4.02 | 1.95 | 74,800t 
‘5M urea se 14.0 12.4 | 9.3) 3.73 | 1.66 |152,000T 
soi Suga, See ao ne 28.0 19.5 | 15.4 | 2.97 | 1.98 |170,000T 
“‘Reversibly’’ denatured by 
8 M urea 5.90 | 6.6 4.7 4.69 | 1.35 |190,000 


* The solution was somewhat polydisperse (see Table I). The values 
refer to the limiting diffusion constant determined by the method of suc- 
cessive analysis. 

t+ Molecular weight calculated with the empirical correctgon for the 
diffusion constant (see the text). 


temperature. Maximum yield was obtained when solutions were 
adjusted to pH 6.0 and stored at about 0°. 

The quantitative distribution between insoluble (irreversibly 
denatured) and soluble (‘“reversibly”’ denatured) pseudoglobulin 
was studied as a function of the concentration of the denaturing 
agent originally present. 10 ec. samples of 2 per cent protein in 
2, 4, 6, 7, and 8 M urea or guanidine hydrochloride were prepared 
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and, after 12 hours, dialyzed in the ice box against running distilled 
water until free from salt. The solutions were next adjusted to 
pH 6.0 and stored overnight at 0°. The precipitates were then 
centrifuged, washed once with distilled water, dissolved in a 
phosphate buffer of pH 7.1, and made to volume. The super- 
natants and washings were likewise made to volume and the pro- 
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Fic. 2. The fraction of total pseudoglobulin irreversibly denatured after 
dialysis, plotted against the molarity of urea or guanidine hydrochloride 
at which genaturation occurred. Open circles refer to urea, solid circles 


to guanidine hydrochloride. 


tein concentrations in the respective fractions determined with the 
Koch-McMeekin method (8). The results of these measurements, 
carried out in triplicate, are given in Fig. 2 in which the fraction of 
total protein irreversibly denatured is plotted against the concen- 
tration of urea, or guanidine hydrochloride originally present. 
“Reversibly” Denatured Pseudoglobulin—In the following ex- 
periments, a 2 per cent protein solution was denatured by 8 M urea 
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and, after standing for 24 hours, urea was removed by dialysis. 
Diffusion measurements on the supernatant solution, obtained after 
precipitation of the irreversibly denatured protein at pH 6.0, indi- 
cated the material to be polydisperse. The diffusion constants, 
measured in the presence of an acetate buffer of pH 5.5, varied be- 
tween 3.8 X 10-7 near the peak of the diffusion curves and 4.6 X 
10-7 in the lower regions. The limiting slope of the viscosity 
curves, .,/c, was found to be higher than that of the native globu- 
lin; 7.e., 7.90 as compared with 6.60. 

For further purification, the proteins contained in the super- 
natant solution were subjected to fractional precipitation with 
ammonium sulfate, according to the method employed for the 
purification of the native protein: the protein concentration was 
adjusted to 3 per cent, the pH to 6.4, and the ammonium sulfate 
concentration gradually increased to 1.1 m. At this point the 
solution became slightly opalescent and when more ammonium 
sulfate was added, up to 1.36 M, a precipitate settled out. After 
filtration, the salt concentration was raised to 1.6 m; the precipi- 
tate collected by centrifugation, dialyzed, and, after removal of 
traces of euglobulin by pH adjustment to 6.2 and 5.0, used for 
diffusion and viscosity measurements in the presence of a 0.05 
M acetate buffer, pH 5.5, containing 0.2 m NaCl. 

The results of the diffusion measurements are listed in Table I. 
The material proved to be monodisperse with a diffusion constant 
of D = 4.69 X 10-7 with a standard deviation of the mean of 
+0.12 xX 10-7. The limiting slope of the viscosity curves, il- 
lustrated in Fig. 3, was 5.90 as compared with 6.60 for native 
material. The molecular weight of 190,000 calculated from these 
data is somewhat higher than that found for the native material 
(Table I). 

Trreversibly Denatured Pseudoglobulins—The fraction which pre- 
cipitated upon adjustment of the pH to 6.0, following removal of 
8 m urea by dialysis, was considered to be irreversibly denatured 
material. For further purification, it was dissolved by acidifying 
to pH 4.0 and freed from any insoluble residue by filtration. Ina 
concentration of 2 per cent protein, the solution was highly viscous 
and appeared to exhibit thixotropic properties. It did not show 
double refraction of flow in the apparatus described by Edsall and 
Mehl (9). The protein was reprecipitated by adjustment of the 
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pH to 6.0 and then redissolved at the desired pH. Addition of the 
buffer components by dialysis resulted in partial precipitation. 
The results of the viscosity measurements carried out in a 0.05 
n acetate buffer at pH 4.12, containing 0.1 N NaCl, and in a 0.02 
N veronal-acetate buffer at pH 7.5, containing 0.1 N NaCl, are 
shown in Fig. 3. The relative viscosities were also measured in 
the pressure viscometers and found to be independent of the veloe- 


IRREVERSIBLY 
DENATURED 


maT 
NA 





Fic. 3. Relative viscosities of irreversibly and ‘‘reversibly’’ denatured 
pseudoglobulin, plotted against the protein concentration in weight per 
cent. Triangles refer to irreversibly denatured protein at pH 4.1, squares 
to the same protein at pH 7.5, circles to “reversibly’’ denatured protein, 
purified by fractional precipitation with ammonium sulfate (see the text). 
For comparison, the slope of the viscosity curve of the native protein is 


also indicated. 


ity gradient? between 400 and 2500 sec’. The rate of diffusion, 
like the viscosity, was a function of pH. At pH 4.12 no measurable 
rate could be observed after 72 hours diffusion of a 0.3 per cent 
solution, indicating gel formation. At pH 7.5, the calculated mean 
diffusion constant was considerably lower than that of the de- 


? There is little doubt, however, that structural viscosity may be de- 
tected at very low velocity gradients. Such measurements in a modified 
Couette apparatus are under way and will be reported elsewhere. 
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natured protein in 8 m urea. The calculated D; values varied 
widely from each other, probably due to restriction of free diffusion 
(Table I). 


DISCUSSION 


The denaturing effect of urea on pseudoglobulin is analogous to 
that observed for serum albumin. The apparent molecular 
asymmetry increases with increasing concentration of urea, while 
the molecular weight remains essentially unchanged. This latter 
finding is in agreement with the osmotic pressure measurements of 
Burk (6). The solutions of the denatured protein in urea are 
monodisperse, indicative of a uniform action of urea on all pseudo- 
globulin molecules. 

The effects produced by guanidine hydrochloride are more com- 
plex. In 0.5 m concentration, guanidine produces only minor 
changes in apparent molecular shape and no changes in molecular 
weight. Diffusion measurements indicate, however, the presence 
of material of higher molecular weight. In 2 m solution, the ap- 
parent molecular asymmetry of the protein is markedly increased 
and the molecular weight is nearly twice that of the native protein. 

When the guanidine hydrochloride concentration is increased to 
3M, the molecular asymmetry becomes drastically increased and 
about equal to that produced by 8 M urea solutions. The diffusion 
constant, however, does not decrease in proportion but, on the 
contrary, increases. The mean molecular weight, calculated from 
the limiting values of »,,/c and D is about one-half of that of the 
native protein. Further increase in guanidine hydrochloride con- 
centration, to 5.6 mM, produces no further changes in apparent 
molecular shape or molecular weight except that the solutions now 
become monodisperse (Table I). The action of guanidine hydro- 
chloride on pseudoglobulin is specific in that the molecule splits as 
it unfolds.2 There does not appear to exist any dimensional re- 
lation between the denatured whole molecules and the denatured 
halves such as has been observed with the splitting of native protein 
molecules (10). Simultaneous splitting and unfolding has also 
been observed in the denaturation of myogen by urea (11). 

The observed relation between the concentration of denaturing 


’See (2) foot-note 8. 
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agent and the fraction of total protein irreversibly denatured after 
dialysis is in qualitative accord with the analogous relation found 
for serum albumin, and may be interpreted on the basis of the 
statistical considerations discussed previously (2). Quantita- 
tively, however, these two sets of data differ from one another in 
that the limiting value of the fraction irreversibly denatured is 
64 per cent for pseudoglobulin when denatured by urea and 84 per 
cent when denatured by guanidine hydrochloride, as compared 
with 15 per cent for serum albumin when denatured by either 
agent. This indicates fundamental differences in the intrinsic 
structure of these two proteins. The difference in maximum yield 
of irreversibly denatured pseudoglobulin produced by urea and 
guanidine hydrochloride is probably due to their different modes 
of action. 

“Reversible” denaturation from 8 m urea solutions yields ma- 
terial of molecular size and shape similar to that of the native 
protein. Electrophoretic measurements on pseudoglobulin GI, 
“reversibly” denatured by 5 m urea, showed it to move with a 
single boundary on both the acid and alkaline side of the iso- 
electric point (12). The electrophoresis curves of the native and 
“reversibly”’ denatured material were practically indistinguishable 
from one another, except for differences in mobility. 

The question of the true reversibility of denaturation demands a 
critical examination of the data at hand. It was shown that the 
protein remaining in solution after isoelectric precipitation of the 
irreversibly denatured fraction was polydisperse. However, the 
spread in diffusion constants was relatively narrow (3.8 to 4.6 
X 10-’), suggesting that polydispersity was not due to incomplete 
separation of “reversed”? denatured and denatured protein, but 
rather to a gradation in molecular size or shape of the “reversed” 
denatured protein itself. This assumption finds support in 
Polson’s diffusion measurements on whole serum globulin (13) ob- 
tained by precipitation with half saturated ammonium sulfate, 
where the spread in calculated diffusion constants is comparable 
to that observed here for the unfractionated “reversed’’ denatured 
pseudoglobulin. Further support comes from the observed solu- 
bility properties. When “reversible” denaturation was carried 
out with pseudoglobulin GII, precipitation of the “reversibly” 
denatured protein was found to occur over the region of 1.1 and 
1.6 M ammonium sulfate, whereas the salting-out region of the 
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native material was confined to between 1.36 and 1.6m. Pseudo- 
globulin GI, when subjected to “reversible” denaturation, started 
to precipitate at an ammonium sulfate concentration of 0.8 M, as 
compared with 1.1 m for the native protein, and continued up to 
1.36m. One may conclude, that “reversible” denaturation did not 
result in the restoration of a distinct molecular configuration, but 
rather in the formation of molecular entities of related intrinsic 
structures. This conclusion is also in accord with the ideas ex- 
pressed in a previous paper (12) concerning the continuous grada- 
tion in physical and chemical properties of the native globulins. 
A fraction approximating in properties the native material can be 
isolated from this mixture by subjecting it to fractional precipita- 
tion with salt under the same experimental conditions as have been 
used for the purification of the native protein. Further compara- 
tive studies of these fractions and of their immunological properties 
are under way. 

The solubility properties of the irreversibly denatured protein 
are similar to those observed for the euglobulin fractions of normal 
horse serum as obtained by the method of isoelectric precipitation 
(14). Like these euglobulin components, the relative viscosity 
of this material is much higher than that of the native pseudo- 
globulin (15). Attempts to identify the protein in terms of 
molecular weight or shape were impeded by its anomalous be- 
havior in respect to diffusion. 


The authors are indebted to the Rockefeller Foundation, to the 
Lederle Laboratories, Inc., and to the Duke University Research 
Council for support of this work. 


SUMMARY 


The denaturation of horse serum pseudoglobulin by urea follows 
a similar pattern to that observed for serum albumin. The ap- 
parent molecular asymmetry, determined by viscosity measure- 
ments, increases with increasing concentrations of urea, whereas 
the diffusion constants decrease in proportion. The molecular 
weight remains unchanged during denaturation. 

The denaturing effects produced by guanidine hydrochloride 
depend on the concentration. 2 mM guanidine hydrochloride ap- 
pears to cause an aggregation of the protein molecules, the mean 
molecular weight being about twice that of the native protein. In 
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3 M solution the protein molecules split into halves as they unfold, 
whereas a further increase in the guanidine hydrochloride concen- 
tration, to 5.6 M, produces no additional changes in molecular size 
or shape except that the solutions become monodisperse. 

Removal of the denaturing agent by dialysis causes a separation 
into two fractions which have been identified with “reversibly” 
and irreversibly denatured protein. The quantitative distribution 
between these two fractions is a function of the concentration of the 
denaturing agent. In equimolar concentrations, guanidine hy- 
drochloride leaves a larger fraction irreversibly denatured than 
does urea. 

The “reversibly” denatured protein, purified by fractional pre- 
cipitation with ammonium sulfate, resembles, but is not identical 
with, the native protein in respect to molecular size, shape, and 
electrophoretic properties. 

The irreversibly denatured protein resembles in respect to solu- 
bility and viscosity the euglobulin components as isolated by iso- 
electric precipitation from normal horse serum. The solutions ex- 
hibit a tendency for gel formation which is more pronounced on 
the acid side of the isoelectric point than on the alkaline side. 
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A GRAVIMETRIC METHOD FOR THE DETERMINATION 
OF METHIONINE* 


By ELIOT F. BEACH anp D. MAXWELL TEAGUET 
(From the Research Laboratory of the Children’s Fund of Michigan, Detroit) 


(Received for publication, July 25, 1941) 


With the recognition of methionine as an indispensable amino 
acid in nutrition (1) and the growing knowledge of the physiological 
function of methionine, particularly with reference to its ability 
to furnish methyl! groups in the body, the estimation of this amino 
acid in food and tissue proteins assumes increasing importance. 
The present work, which deals with the development of a gravi- 
metric method for methionine determination, was undertaken 
because it was found that not all protein preparations in which 
practical interest centers would readily yield to the existing meth- 
ods. The new method depends upon the isolation of methionine 
sulfur as barium sulfate and was designed for the accurate analysis 
of both highly purified protein preparations and cruder protein 
materials isolated from common foods and tissues (2). 

The methods hitherto available for methionine determination 
are those introduced by Baernstein (3-5). Modifications and 
refinements in technique, contributed by Kassell and Brand (6), 
have improved the degree of accuracy of the Baernstein methods. 
The new method depends upon the demethylation of methionine 
with concentrated hydriodic acid, resulting in the formation of 
homocysteine which, under the influence of the halogen acid, forms 
the homocysteine-thiolactone ring compound, a reaction outlined 
by Baernstein (4) and studied in detail by Riegel and du 
Vigneaud (7). 

* Presented before the Division of Biological Chemistry at the One 
hundred-first meeting of the American Chemical Society at St. Louis, 
April 7-11, 1941. 

+ The data included in this paper are contained in a thesis submitted by 
D. Maxwell Teague in partial fulfilment of the requirements for the degree 
of Master of Science from the Department of Chemistry, Wayne University, 


Detroit (1941). 
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In boiling hydriodic acid, cystine is reduced to cysteine, which 
does not form a corresponding ring compound. In a mixture 
containing cysteine and homocysteine-thiolactone, only cysteine 
will react with cuprous oxide to precipitate an insoluble cuprous 
mercaptide; the thiolactone will not form a cuprous mercaptide 
because it does not contain a free sulfhydryl group. If the mixture 
is first treated with alkali to open the homocysteine-thiolactone 
ring and then, under suitable conditions, treated with cuprous 
oxide, the cuprous mercaptides of both cysteine and homocysteine 
are precipitated together. An analytical method based upon these 
reactions is here described. 


Experiments with Homocystine 


It was first necessary to determine whether, under suitable condi- 
tions, homocysteine can be quantitatively precipitated with 
cuprous oxide. Homocystine prepared by the method of Butz 
and du Vigneaud (8) and several times recrystallized was used 
in the experiments. 

A 10 ml. aliquot containing 5.87 mg. of homocystine was made 
strongly alkaline by the addition of NaOH solution and allowed 
to stand 15 minutes,' then brought to neutrality with 20 per cent 
HCl, and a 2 ml. excess of HCl added. After reduction with zinc 
dust the solution was filtered, brought to pH 4 to 5 with sodium 
acetate, and the homocysteine precipitated at room temperature 
by addition of a water suspension of cuprous oxide. The precipi- 
tate was removed by centrifugation and a micro-Kjeldahl nitrogen 
determination made to estimate the homocystine recovery. In 
ten determinations an average recovery of 97.7 per cent of the 
original homocystine was obtained. Cystine solutions carried 
through the same procedure gave 99.1 per cent recoveries. Cystine 
and homocystine in the same solution were determined in a similar 
manner, the two cuprous mercaptides being precipitated together. 
Three experiments yielded an average recovery of 97 per cent of 
the amino acid nitrogen of the solutions, thus demonstrating that 
cysteine does not interfere with the homocysteine precipitation. 


1 The addition of alkali is not essential for the determination of homo- 
cystine, but it is necessary for the determination of the thiolactone yielded 
by the hydriodic acid digestion of proteins; therefore, the influence of 
alkali was tested in this procedure. 
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Method of Determining Methionine in Proteins 


The procedure of the methionine method as it is applied to 
protein samples is described in detail. It is the result of extensive 
preliminary testing with synthetic methionine and methionine- 
cystine mixtures. 

Hydrolysis of Protein Sample—A sample of protein (usually 0.5 
to 1.0 gm.) containing approximately 6 mg. of methionine is placed 
in a 100 ml., round bottom flask; 25 ml. of concentrated hydriodic 
acid? are added and the mixture refluxed 18 hours. After cooling, 
the flask containing the hydrolysate is connected to a vacuum still 
and evaporated at about 40° under reduced pressure to a volume 
of 0.5 ml. Additions of 2.5 per cent HCl and repeated distillations 
serve to remove most of the iodine. The hydrolysate, which is 
light tan in color, is transferred to a 250 ml. centrifuge bottle and 
diluted to 50 ml. Moist silver chloride* is added (about 2 gm.) 
until an excess is present. The solution is vigorously shaken and, 
as the iodide is precipitated, liberated iodine turns the mixture 
darker brown. Further shaking with small additions of silver 
chloride insure complete removal of hydriodic acid. An excess of 
the reagent is not harmful. The precipitate is removed by cen- 
trifugation. 

The supernatant is decanted through a filter and the precipitate 
washed with two 50 ml. portions of water. The combined, water- 
clear supernatants are then evaporated in vacuo to a syrup (about 
2 ml.), which is washed into a 50 ml. volumetric flask and diluted 
to the mark. A 25 ml. aliquot (designated as Aliquot B) of the 
solution is removed with a pipette to a glass-stoppered centrifuge 
tube. The pipette is washed back into the volumetric flask with a 
few ml. of water. This solution (Aliquot A) is used for the deter- 


* Merck’s reagent quality, 55 per cent hydriodiec acid of specific gravity 
1.7 and not preserved with hypophosphite is satisfactory. Care must be 
taken that the HI used in hydrolysis is not more than dark red with iodine. 
If extensive decomposition of the unpreserved HI has taken place, it is 
advisable to redistil before use. All operations with hydriodic acid should 
be carried out in glass equipment. 

8A suitable silver chloride preparation is made by adding dilute HCl 
to a saturated solution of silver lactate. The silver chloride precipitate is 
washed several times with distilled water by decantation and stored in the 
dark under a layer of water to keep it moist. 
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mination of cystine sulfur alone. Aliquot B is used for the deter- 
mination of cystine plus methionine sulfur. 

Determination of Cystine in Aliquot A—The procedure for the 
determination of cystine is adapted from the procedure of Graff, 
Maculla, and Graff (9). To Aliquot A are added 1 ml. of 20 per 
cent HCl and 300 mg. of zine dust and the mixture is allowed to 
stand at room temperature for 2 hours. The zinc is then removed 
by filtration. The filtrate is brought to pH 4 to 5 by the dropwise 
addition of saturated sodium acetate during rapid mechanical 
stirring.‘ 

A suspension of finely divided, bright red cuprous oxide® is 
added dropwise to the sample during mechanical stirring. The 
light gray, flocculent precipitate of cysteine cuprous mercaptide, 
which forms almost immediately, acquires a red color as an excess 
of cuprous oxide is added. Cuprous oxide is added until a small 
but definite excess is present and the solution is stirred for about 
30 seconds to insure complete reaction with the cysteine. The 
precipitate is collected by centrifugation and washed three times 
with 30 ml. of a citrate-acetate buffer solution® to remove sulfur- 
containing contaminants. A microgravimetric sulfur determina- 
tion serves for the estimation of the cysteine content of the 
precipitate. 

Determination of Cystine and Methionine in Aliquot B—The 
solution is brought to neutrality by the addition of 5 Nn NaOH, 
after which an excess of 1 ml. is added. 15 minutes at this alkaline 
pH suffice to open the thiolactone ring but do not destroy cystine. 
The sample is acidified with 2 ml. of 20 per cent HCl, 300 mg. of 
zine dust are added, and the centrifuge tube is loosely stoppered. 
The solution is allowed to stand overnight at room temperature 
and is then heated for 2 hours in a steam bath. The acidity of the 
solution is now sufficiently close to that required for the cuprous 


4 Universal pH indicator paper (EMberbach) or Congo red paper is satis- 
factory. 

5 The cuprous oxide reagent should contain a minimum amount of 
sulfur. Baker’s, c.p., cuprous oxide, red powder has the desired properties; 
however, the dry oxide should be wet by shaking with water and ground 
in a mortar until thoroughly suspended. 

6 The stable buffer stock solution is made by dissolving 12 gm. of sodium 
citrate and 15 gm. of citric acid in 200 ml. of water and adding 20 ml. of 
glacial acetic acid. The solution is diluted to 10 volumes before use. 
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oxide reaction, so that no further adjustment of pH is necessary. 
The solution is quickly decanted from the excess zine into a cen- 
trifuge tube containing a few drops of the cuprous oxide-water 
suspension. The zinc remaining in the bottom of the tube is 
washed with water and the washings decanted through a small 
filter. This warm (60°) sample, containing excess cuprous oxide, 
is stirred rapidly for 15 seconds, immediately stoppered, and 
centrifuged for 1 minute. The supernatant is removed by 
decantation. 

Inasmuch as homocysteine yields a cuprous mercaptide only 
when in its sulfhydryl form and, in contrast to cysteine, is suscep- 
tible to oxidation by air even when in an acid medium, it is essential 
that the operations subsequent to the final treatment with zinc be 
carried out rapidly and with minimum exposure to air. 

The precipitate obtained from Aliquot B consists of a mixture 
of the cuprous mercaptides of cysteine and homocysteine. A 
microgravimetric determination serves for the estimation of the 
cysteine plus homocysteine sulfur content of the mixed mercap- 
tides. Washing the precipitate with buffer is not recommended, 
inasmuch as the presence of sulfur contaminants is quite unlikely. 

For the sulfur analysis of the cuprous mercaptide precipitates 
from Aliquots A and B, a micro adaptation of the Denis method 
(10) is satisfactory.’ This may be applied after the precipitate is 
dissolved in 1.5 ml. of concentrated HNQs. 

Calculation and Correction of Methionine Values—Some losses 
of methionine occur during the hydriodic acid hydrolysis pro- 
cedure. This has been observed both by Baernstein and by 
Kassell and Brand (6) in their determinations of the homocysteine 
residue. The correction factor to be used with the foregoing 
procedure was determined by analyzing pure methionine samples. 
Analyses of ten samples of pure methionine in solution (6 to 12 
mg.) yielded recoveries of 86.9 to 91.6 per cent, with an average 
of 90.1 per cent. A correction factor of 1.11, therefore, was em- 
ployed. 


7 Satisfactory combustion is obtained with 1 ml. of the Denis reagent. 
The resulting mixture is dissolved in 5 ml. of 10 per cent HCI, filtered, and 
the BaSO, precipitated from a volume not exceeding 40 ml. The precipi- 
tate is filtered in a weighed micro crucible conveniently prepared by cutting 
a Corning Glass Works, Pyrex sinter glass filter stick of finest porosity 
(diameter 13 mm.) 5 mm. below and 30 mm. above the sinter glass insert. 
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1 mg. of BaSQ, is equivalent to 0.515 mg. of cystine, or 0.709 mg. 
of methionine (corrected). The methionine content of a protein 
sample may be calculated as the difference in sulfur content of the 
cuprous mercaptides obtained in Aliquots A and B: 


% methionine in protein sample (corrected) = 


mg. BaSO, from B minus mg. BaSQ, from A 
gm. of sample 


xX 0.142 


Triplicate analyses of a protein for methionine content can be 
accomplished in 2 days working time. Replicate analyses have 
been found to be in good agreement for proteins ranging in 
methionine content from 0.57 to 4.09 per cent. 

The same procedure has been applied to mixtures of equal 
quantities of cystine and methionine. Methionine analyses of 
seven mixtures yielded recoveries of 96 to 103 per cent when the 
correction factor was applied. The cystine recoveries were some- 
times low and ranged from 80 to 100 per cent of the amount 
originally present. 

Methionine Content of Some Protein Materials—The new method 
of analysis was extended to an investigation of several common 
materials: arachin, casein, edestin, commercial egg white, gelatin, 
human globin, lactalbumin, and beef muscle. Table I presents 
the composition of these substances with respect to total nitrogen, 
total sulfur determined after combustion in the Parr oxygen bomb, 
and the distribution of total sulfur as methionine sulfur, sulfate 
sulfur, and cystine sulfur determined by the method of Graff, 
Maculla, and Graff (9). The sulfate sulfur was determined 
gravimetrically as BaSO, after 6 hours hydrolysis of the protein 
materials with 20 per cent HCl. Sulfate sulfur constitutes an 
appreciable fraction of the total sulfur of some of the protein 
preparations. 

94 per cent or more of the total sulfur of the proteins could be 
accounted for by this system of analysis, except in the two vege- 
table proteins, edestin and arachin. The total nitrogen contents 
demonstrate that the protein materials used in the experiment 
were not contaminated to any great extent with non-protein sub- 
stances. In Table II the results obtained with proteins by the 
present method of methionine determination are compared with 
those determined by other workers with other methods of analysis. 




















TaBie | 
Sulfur Partition of Proteins* 








| 8 partition Total 8 
Protein po OP Et ees ee Ee 
Cystine | Methio-| Sulfate | eredt 

Ss nine S 8 
100 gm. | 100 9m. | 100 gm. | 100. gm. | 100 gm. | Percent 
Arachin pe | 0.474 | 0.232 | 0.123 | 0.058 | 87.1 
Casein 15.84 | 0.843 | 0.088 | 0.671 | 0.058 | 96.9 
Edestin ...| 18.45 | 0.944 | 0.323 | 0.494 | 0.033 | 90.0 
Egg white... ...| 14.98 | 1.816 | 0.809 | 0.879 | 0.026 | 94.4 
Gelatin. ....... _.., 18.35 | 0.411 | 0.005 | 0.175 | 0.207 | 94.2 
Globin (human) 16.66 | 0.681 | 0.323 | 0.328 | 0.013 | 97.5 
Lactalbumin I....... 15.7 1.546 | 0.798 | 0.641 | 0.069 | 97.5 
isis 15.7 | 1.547 | 0.876 | 0.639 | 0.040 | 100.5 
Muscle (beef) 14.83 1.051 | 0.272 | 0.691 | 0.022 | 93.7 


* Corrected for moisture and ash. 

+ Determined by the oxygen bomb method. 

t Sum of cystine, methionine, and sulfate sulfur in per cent of total 
sulfur, as determined with the oxygen bomb. 


TABLE II 
Comparison of Percentage Methionine Values for Proteins 


| Values 


| | 
Kassell Birkofer | 











; | ee Baern- | Baern- | “and _ Other — 
Protein oot | Brand = ~_ Taurins ——— — a 
Imethod | (1) | | (13) 
-| —— | —— | —$$_$____ a 
Arachin. .. | 0.57 | 0.54* | (0.77 (14) 
Casein at ....| 8.12 | 3.17f | 3.31f | 3.50t | 3.08 (15) 
| 3.06f | 3.10f | 3.53* | 
Edestin | 2.30 | 2.4¢ | 2.38f | 2.39t 2.3 (16) 
| 2.3 | 2.20f | 2.07* | 
Ovalbumin | | 5.22f | 5.07¢ | 5.24Tf | | 4.85 (15) 
| 5.10¢ | 4.49¢ | 4.57* | 
gg white 64.09 | 5.10t | | 
5.29* | | 
Gelatin .| 0.81 
Globin, beef 1.70-1.89) 
ae (0.89-1.03, 0.94 (15) 
human... 1.52 0.36-1. 47) 
Lactalbumin .| 2.98 | 2.81f | 2.45f | 2.62t 
2.97 | 2.89t | 2.32¢ | 2.63* 
Muscle, beef........ 3.21 3.66* 


* Volatile iodide (alcoholic AgNO; absorbent) (12). 
t Volatile iodide. 
t Homocysteine titration. 
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The methionine content of gelatin, 0.81 per cent, has not previ- 
ously appeared in the literature. Substantial agreement with 
values determined by others gives additional proof of the validity 


of the new method. 


SUMMARY 


A gravimetric method for methionine determination, involving 
the isolation of methionine sulfur as BaSO,, has been outlined. 

The method has been tested by applying it to pure methionine 
and homocystine, to methionine and cystine mixtures, and to 
eight common protein materials. 

The cystine and methionine contents of arachin, casein, edestin, 
egg white, gelatin, human globin, lactalbumin, and beef muscle 
have been determined. 

The sulfur partitions of these eight protein materials are pre- 


sented. 
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WHITE 


By D. W. WOOLLEY anv L. G. LONGSWORTH 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, September 12, 1941) 


Eakin, Snell, and Williams (1, 2) have shown that it is possible 
to prepare highly active concentrates from raw egg white which 
combine stoichiometrically with biotin and render it unavailable 
to yeast. At the time the preliminary note by Eakin ef al. (1) 
appeared, it had been observed in this laboratory that egg white 
rendered biotin unavailable for Clostridium butylicum and the 
concentration of the injurious factor in egg white was begun, since 
it appeared that such a reagent would be useful in demonstrating 
the biotin needs of the more fastidious microorganisms (3). A 
substance was obtained which was homogeneous on electrophoresis 
and in the ultracentrifuge. During the writing of this manuscript, 
the second paper by Eakin and his associates (2) appeared in which 
they report a further concentration of the active ingredient of egg 
white. Although their method of purification differs somewhat 
from that used by us, their latest material has essentially the same 
biological activity as ours. Consequently, this paper confirms 
and, in several respects, extends their work. In particular, ex- 
perimental evidence is presented as to the purity of our material. 

akin et al. have named their material avidin. In this paper we 
refer to our substance as an antibiotin factor. This term may be 
abbreviated as AB and the compound which AB forms with 
biotin as BAB. Since results obtained thus far in this laboratory 
indicate that the phenomenon of antivitamins extends to other 
members of the B group, a uniform nomenclature may serve to 
clarify the field. Thus a substance active against thiamine, 7.e. 
antithiamine, could be abbreviated AT, and the inactive com- 
plex TAT. 
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EXPERIMENTAL 


Method of Assay—-A basal medium was made by dissolving the 
following substances in 1 liter of water: glucose 200 gm., KH»PO, 
8 gm., NH,NO; 18 gm., CaCl,-6H.,O 1.3 gm., thiamine 1 mg., 
riboflavin 2 mg., pantothenic acid 2 mg., nicotinic acid 2 mg., 
adenine 25 mg., uracil 5 mg., pyridoxine 2 mg., pimelic acid 2 mg., 
choline chloride 50 mg., and inositol 200 mg. 5 ec. portions of this 
solution were placed in 50 ec. Erlenmeyer flasks and enough water 
was added so that when the dilutions of the AB preparation to be 
assayed were added the volume would be 10 cc. Sufficient biotin 
methyl ester' was also included to give a final concentration of this 
material of 0.001 y per cc.; the flasks were stoppered loosely with 
cotton and heated in an autoclave (15 pounds for 15 minutes), 
The proper dilutions of the preparation to be tested were then 
added, and each flask was inoculated? as described elsewhere (4). 
After the flasks had been incubated at 30° for 24 hours, the tur- 
bidity of the contents of each was determined quantitatively (4). 
The turbidity was plotted against the quantity of preparation 
added per cc., and the amount required to produce half maximal 
inhibition of growth was ascertained. This amount was said to 
contain an antibiotin factor unit (ABU). Egg white contained 
1 ABU in 1.2 to 1.5 mg.; that is, 1.2 to 1.5 mg. of egg white com- 
bined with 0.001/2 or 0.0005 y of biotin methyl ester. 

Preparation of Antibiotin Factor—1 volume of fresh egg white 
was slowly added to 4 volumes of acetone which was stirred vig- 
orously. After standing for several hours, the mixture was filtered 
in a press, the filter cake was ground in a meat chopper and placed 
in a volume of water one-third that of the original egg white, and 
the suspension again filtered ina press. The extract was discarded. 
The cake was ground and extracted with | per cent NaCl solution 


1 We wish to thank Dr. Vincent du Vigneaud for gifts of crystalline 
biotin methyl ester. 

2 Although yeast growth was inhibited by AB which was introduced 
before inoculation, when the AB was added 6 hours after inoculation 
(growth just barely visible), no effect was observed on the subsequent rate 
of growth. This suggested that the biotin of the medium was trapped in 
the yeast cells and passed along to the new buds internally, and that the 
yeast cell was impervious to AB. 
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equal in volume to that of the original egg white. The suspension 
was filtered in a press and the cake was again extracted with salt 
solution. The combined extracts, which contained the antibiotin 
factor, were filtered through paper and enough solid ammonium 
sulfate was added to the filtrate to half saturate it. The precipi- 
tate was filtered off and discarded, and the filtrate was treated with 
enough ammonium sulfate to saturate it completely. The pre- 
cipitate was filtered off, washed, and dissolved in water. This 
solution was dialyzed against running tap water for 30 hours. 
The precipitate which formed was collected by centrifugation and 
washed repeatedly with water. The inactive filtrate was dis- 
carded. The precipitate was extracted with half saturated am- 
monium sulfate solution whose volume was one-tenth that of the 
original egg white, and the residue was filtered off and washed. 
The filtrate and washings were then dialyzed against running water 
for 30 hours. The precipitate which formed was collected in a 
centrifuge, and washed with water. In most instances it was dried 
at —40° to a fluffy white product. 

The material obtained in this manner varied in potency from 
one preparation to another; namely, from 5 to 10 ABU per 
microgram. 40 to 80 per cent of the activity of egg white was re- 
covered in such preparations. Electrophoretic examination showed 
that those preparations with the highest potency consisted of es- 
sentially one homogeneous component, whereas the others con- 
tained a second inert constituent which, however, could be readily 
eliminated by electrophoretic separation. Our purest material 
was therefore obtained with the latter procedure and always con- 
tained 10 ABU per microgram. 

The methods of electrophoretic analysis and separation used in 
this research have already been described (5). The solid was 
suspended in one of the buffer solutions listed in Table I and 
dialyzed against the buffer for several days. The undissolved 
matter was centrifuged out and the clear solution was examined 
at 0°. Portions of the solutions of the electrophoretically sep- 
arated components were assayed for potency. As may be deduced 
from the mobility data of Table I, the active material migrated 
toward the cathode at all pH values below 10.0, whereas the ac- 
companying impurity, when it was present, migrated cathodically 
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at pH values below 4.3 and anodically above this value. Neither 
of these components was identical with any of the previously recog- 
nized constituents of egg white (5). 

Properties of Antibiotin Factor—Many of the physical properties 
of AB are apparent from the manner of preparation. Thus it is 
insoluble in water and in saturated ammonium sulfate solution, 
sparingly soluble in dilute salt solutions, and rather soluble in 
strong salt solutions. 

The preparations obtained were not obviously crystalline. As 
the protein precipitated during dialysis, it appeared as very small 


TABLE | 
Electrophoretic Mobilities of Components of Antibiotin Factor Preparation 


U X 10° at 0° 


Buffer solvent pH at 25° 
AB Impurity 
0.1 n HCl 1.09 8.9 7.9 
0.02 ‘“* NaAc,* 0.2 n HAc, 0.08 n 
NaCl... 3.61 6.4 2.3 
0.1 Nn NaAc, 0.02 n HAc..... 5.35 1.7 —3.0 
0.02 ‘‘ NaV,t 0.02 “‘ HV, 0.08 wN 
NaCl 7.84 2.2 —6.8 
0.1 n NaOH, 0.12 N glycine 10.35 —0.3 —9.0 
*Ac = acetate. 


+ V = diethyl barbiturate. 


white particles of uniform shape and size but without definite 
crystal faces. 

Combustion analyses showed the presence of C 45.5, H 6.6, 
N (Dumas) 10.8, ash 10.6. Analysis of one sample revealed 1.6 
per cent phosphorous. 

A solution of the antibiotin factor was very kindly examined for 
us in the ultracentrifuge by Dr. A. Rothen of these Laboratories. 
It was homogeneous and had a sedimentation constant, referred to 
water, of 4.7 X 10-" at 20°. An accurate value for the molecular 
weight was not obtained, since the diffusion constant was not 
determined. If the particles are assumed to be spherical, the 
molecular weight would be close to 70,000, whereas it would be 
somewhat less than this if the molecules were not spherical. 
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The mobility-pH curve of the antibiotin factor was essentially 
straight over the pH interval studied. In order to determine 
whether combination with biotin affected the mobility, a solution 
of pure AB was added to an excess of biotin methyl ester and the 
mixture was dialyzed. Examination of the physiologically in- 
active BAB complex at pH 3.61 revealed that its mobility, 6.37 
x 10-°, was not significantly different from that, 6.45 X 10-°, of 
AB. This result indicated that the size and charge of the anti- 
biotin factor were not changed appreciably on combination with 
biotin and was thus consistent with our conclusion (vide infra) 
that only 1 molecule of biotin methyl ester (mol. wt., 256) com- 
bined with each molecule of AB (mol. wt. < 70,000). 

The antibiotin factor is relatively stable toward changes of pH 
and temperature. Activity was retained when solutions of AB in 
dilute acetic acid were boiled. No appreciable loss of potency was 
observed after solutions of AB had stood at room temperature for 
several days or in the ice box for several weeks at pH ranging from 
1.0 to 11.0. The antibiotin factor was precipitated from acid 
aqueous solution by picric acid and by flavianic acid, and activity 
could be regained from such precipitates by treating them with 
alcoholic ammonia. 

Attempts were made to discover whether AB possessed enzyme 
activity. No proteinase, antitrypsin, or lysozyme activity could 
be demonstrated. 

Specificity of Antibiotin Factor—The recognition of the high 
isoelectric point of AB led to the assay of other basic proteins for 
AB activity. Salmine had 0.2 per cent of the activity of AB; 
i.e., 0.02 ABU per microgram. A nucleohistone prepared from 
liver by Dr. A. E. Mirsky of the Hospital of the Rockefeller Insti- 
tute, had 0.1 per cent of the activity of AB. The inhibitory ac- 
tion of both of these proteins of widely separated origin was erased 
by additional amounts of biotin. It may be that these sub- 
stances were impure and contained the same AB as hen’s egg. If 
this is true, the presence of AB in fish and in mammals is thereby 
indicated. If the activity is an attribute of the pure proteins, 
it is difficult to envision the combination, for the low activity 
would require that several molecules of protein combine with 1 
molecule of biotin. 
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DISCUSSION 


The above data demonstrate that it is possible to prepare from 
hen’s eggs a substance which is approximately 15,000 times more 
effective in inactivating biotin than is the egg white itself. Al- 
though not obviously crystalline, this preparation was homo- 
geneous in the electrophoresis apparatus and in the ultracentrifuge. 
On the basis of these two criteria it was, therefore, a pure sub- 
stance. The data regarding molecular size indicate that 1 molecule 
of biotin combined with 1 of the active protein. This follows from 
the fact that their combining weights are, roughly, in the same 
ratio, i.e. 0.005:1, as their molecular weights, 7.e. 256:70,000. It 
must be remembered that the values obtained by assay involved 
the inherent errors of a biological test and that the true molecular 
weight of AB may be somewhat less than the value computed from 
its sedimentation constant alone. 


SUMMARY 


An antibiotin factor, a basic protein (isoelectric point pH 10) 
which combines firmly with biotin, has been isolated from egg 
white. The preparations were 15,000 times more active than egg 
white and were homogeneous in electrophoresis and sedimentation 
experiments. Some chemical and biological properties of the 
protein have been investigated. This protein is similar in bio- 
logical activity to the substance isolated from egg white by Eakin, 
Snell, and Williams (1) and called by them avidin. 
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Hippuricase, originally called histozyme (1), is an enzyme which 
promotes the hydrolysis, at the peptide linkage, of hippuric acid. 
It is widely distributed in animal tissues (2-5), molds (6-9), and 
bacteria (10, 11). Its differentiation from other enzymes known 
to attack peptide linkages is clarified by the inability of trypsin 
(12, 13), pancreatin (14), or erepsin (13) to hydrolyze hippuric 
acid. The failure of the ordinary digestive enzymes to attack 
hippuric acid has been further demonstrated by Griffith and 
Cappel (15), who found that hippuric acid was not destroyed in 
any part of the alimentary tract except the large intestine. The 
activity there was attributed to bacteria. 

The data presented in this paper are the relative rates of hydroly- 
sis (with hippuricase) of hippuric acid and various ring-substituted 
derivatives. We attempt to show the influence of the group and 
the position of substitution. Studies with related compounds are 
reported to define more accurately the specificity of the enzyme. 


EXPERIMENTAL 


The substituted hippuric acids were prepared by converting the 
corresponding substituted benzoic acids to the acid chlorides by 
phosphorus pentachloride, and then treating the acid chlorides 
with a concentrated solution of glycine by the Schotten-Baumann 
technique. 

The purity of the products was checked by their melting points, 
with reference for the methyl derivatives to the values given by 


* The material contained in this paper is part of a dissertation sub- 
mitted by Sydney Ellis in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Boston University Graduate School. 
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Gleditsch and Moeller (16), for the halogen derivatives by Novello, 
Miriam, and Sherwin (17), and for the nitro derivatives by 
Jaffe (18). 

Taka-diastase is known to be a source of hippuricase (19), 
Preliminary tests of a preparation' demonstrated that a 4 gm. 
per cent solution possessed sufficient hippuricase activity for the 
present work. The pH of a 4 gm. per cent solution was found to 
be 5.8; such a solution has considerable buffer capacity: when 
mixed with the substrates as described below, the pH varied only 
between 5.8 and 5.4 in all experiments. No further pH control 
was attempted. The rate of hydrolysis of a 0.02 m solution of 
sodium hippurate was found to be proportional to the concentra- 
tion of the enzyme. With varying concentrations of hippurate 
(0.02 to 0.1 M) in a 4 gm. per cent solution of taka-diastase, the 
absolute amount of hippurate hydrolyzed in a given time was the 
same. The kinetics of hydrolysis in the range of enzyme and 
substrate concentrations used are therefore of zero order. 

On the basis of the preliminary studies just described, the follow- 
ing standard procedure was followed in all subsequent experiments. 
0.0005 mole of the substrate was weighed into rubber-stoppered 
tubes graduated at 25 cc., dissolved in an equivalent volume of 
0.1 N sodium hydroxide, mixed with 10 ce. of a 10 gm. per cent 
solution of taka-diastase (which was previously prepared and 
incubated 1 hour at 37° before use), made up to 25 ec. with water 
at 37°, and covered with 1 cc. of xylene. The tube was stoppered, 
shaken, and suspended in a thermostat at 37°. 

Sorensen formol titrations were used in following the course of 
the hydrolysis. Control solutions, containing no substrate, were 
incubated simultaneously. The amount of standard base used in 
titrating 5 cc. of the test solutions (less the amount used in titrating 
5 ec. of the control solution) was in each case converted to per- 
centage hydrolysis; the results are shown in Fig. 1. 

A comparison of the curves of the substituted hippuric acids 
with that of hippuric acid makes it evident that substituents in 
the ortho position exert a strong inhibitory effect upon the hy- 
drolysis; with substituents in the meta position there is a consistent 


!The preparation of taka-diastase was supplied by the courtesy of 
Parke, Davis and Company, and was stated to liquefy 450 times its weight 
of starch in 10 minutes. 
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acceleration of the rate of hydrolysis; substituents in the para 
position appear to exert but a negligible effect upon the rate. 
The constitution of the substituting group seems to have little 
effect as compared with the marked effect of its position. 
For further light upon the mechanism whereby the substituents 
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Fic. 1. Rates of hydrolysis (in the presence of hippuricase) of hippuric 
acid and of certain derivatives and related compounds. The numbers on 
the chart marked ‘‘mixed substrates’? have the following significance: 
Curve 1, hippuric acid and m-iodohippurie acid; Curve 2, hippuric acid; 
Curve 3, hippuric acid and p-iodohippuric acid; Curve 4, hippurie acid and 
o-chlorohippurie acid; Curve 5, hippurie acid and o-iodohippuric acid. 
All the experiments represented were carried out according to the standard 
procedure described in the text. 


alter the hydrolytic rate, another series of experiments was carried 
out with the same standard procedure and the following sub- 
strates: hippuric acid 0.02 m; hippuric acid 0.01 m and o-chloro- 
hippuric acid 0.01 mM; hippuric acid 0.01 m and o-iodohippuric acid 
0.01 m; hippuric acid 0.01 m and m-iodohippuric acid 0.01 m; hip- 
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. 
puric acid 0.01 m and p-iodohippuric acid 0.01 mM. The graph of 
the results (labeled “mixed substrates’) shows that mixed sub- 
strate containing the para isomer hydrolyzed at the same rate as 
the simple hippuric acid, the mixed substrate containing the meta 
derivative hydrolyzed more rapidly, while those containing ortho- 
substituted derivatives were inhibited to about one-half the rate 
with hippuric acid alone. We believe these results to indicate that 
groups in the ortho position do not inhibit the formation of the 
enzyme-substrate complex, but rather, once the complex is formed, 
fail to permit the breaking of the peptide bond. Formation of 
the complex is shown by the decreased rate of hydrolysis of the 
unsubstituted hippuric acid, demonstrating a reduction in the 
concentration of free enzyme on account of complex formation. 

Since p-toluenesulfonylglycine was found to be resistant to 
hippuricase, a mixture of 0.01 m hippuric acid and 0.01 m p-toluene- 
sulfonylglycine was tested as a substrate and found to be 
hydrolyzed at the same rate as the mixed substrate containing 
ortho-substituted derivatives. Since p-toluenesulfonylglycine and 
ortho-substituted hippuric acids are not hydrolyzed by hippuricase, 
we must assume that the hydrolysis in these mixtures was a meas- 
ure of the hydrolysis of hippuric acid alone. Again, the most 
acceptable explanation of the slower rate is the combination (re- 
versibly) of the unhydrolyzable compounds with the enzyme. 
This last experiment also indicates that the a-amino acid radical 
is the important group in the enzyme-substrate combination. 

In the course of the work a number of other compounds were 
tested to obtain more information about the specificity of hip- 
puricase. The recently emphasized importance of acetylization 
led to the testing of several acetylamido compounds. Acetanilide, 
acetophenetidin, and the three isomeric acetotoluides were found 
to be unattacked by the enzyme. Since these compounds are but 
slightly soluble, a related series which could be treated in the same 
manner as hippuric acid was studied—the acetylamidobenzoic 
acids. They were not hydrolyzed. Since acetylglycine (aceturic 
acid) is hydrolyzed (20, 21), these results also indicate the im- 
portance of the glycine portion. 

Benzamide is not hydrolyzed by hippuricase (22); we confirmed 
this finding and tested other soluble compounds having carbamyl 
groups. Acetamide, urethane, and urea were not hydrolyzed. 
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The guanido group of creatine was not attacked. There was no 
hydrolysis of benzanilide. 

We found that benzenesulfonylglycine was not hydrolyzed by 
hippuricase. Mazza and Pannain (23) reported rapid hydrolysis 
of p-toluenesulfonylglycine by a tissue extract claimed to contain 
hippuricase. We were able to verify the accuracy of the formol 
titration of amino groups in the presence of benzenesulfonate ions 
by titrating known concentrations of glycine in the presence of 
1 per cent sodium benzenesulfonate. p-Toluenesulfonylglycine 
was prepared and tested with the enzyme. Our hippuricase prepa- 
ration did not hydrolyze this compound and does not appear to 
hydrolyze the sulfonamide linkage. 

The ability of this enzyme to hydrolyze glycocholic acid and not 
taurocholic acid (another indication of the significance of the 
glycine radical in its specificity) was reported by Grassmann and 
Basu (12). We found that glycocholic acid was hydrolyzed about 
10 per cent in 7 days under our conditions, while the hydrolysis 
of taurocholic acid in the same period was insignificant. 


DISCUSSION 


This work correlates with experiments, which have been done 
over a period of many years, dealing with the excretion of hippuric 
acid and its derivatives by animals fed benzoic acid (or substances 
convertible to benzoic acid) and its derivatives. Quick (24) has 
given a summary of this work and has added significant quantita- 
tive studies. His results show insignificant formation of ortho- 
substituted hippuric acids. In his series of chloro, bromo, and 
nitro derivatives, excretion of the meta-substituted hippuric acids 
was significantly greater than that of the para isomers. On 
the other hand p-toluylglycine was excreted to a greater extent 
than m-toluylglycine. 

Our present knowledge of the specificity of hippuricase can be 
summarized in a few general statements. This enzyme catalyzes 
the hydrolysis of benzoylated a-amino acids, preferentially the 
natural optical isomer (14). Benzoylated 8-amino acids are not 
affected (25, 26). An a-hydrogen must be present in the amino 
acid; benzoyl-a-aminoisobutyric acid is not hydrolyzed (26). 
The hydrogen on the nitrogen of the peptide linkage is considered 
necessary (25). Mazza and Pannain (23) contradict this, but 
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report action by the enzyme on several compounds with which 
others have found it inactive. Our own findings are summarized 
below. For a general review of the subject of hippuricase, the 
paper of Trolle (27) should be consulted. 


SUMMARY 


1. In the presence of taka-diastase as a source of hippuricase, 
the relative rates of hydrolysis of the isomeric mono-substituted 
(chloro, bromo, iodo, nitro, and methyl) hippuric acids were 
studied. 

2. Ortho substitution of the above groups was found to inhibit 
hydrolysis, meta substitution to accelerate hydrolysis, and para 
substitution to have a negligible effect. 

3. Evidence is offered that ortho substitution does not prevent 
combination with the enzyme, but prevents the breaking of the 
peptide linkage. 

4. Evidence, in addition to that in the literature, is offered that 
the combination of the enzyme with the substrate takes place 
through the glycine (or amino acid) portion. 

5. The following substances are not hydrolyzed by the action 
of hippuricase: acetanilide, acetophenetidin, the acetotoluides, 
the acetamidobenzoic acids, benzamide, acetamide, urethane, urea, 
creatine, benzanilide, benzenesulfonylglycine, p-toluenesulfonyl- 


glycine. 
BIBLIOGRAPHY 


1. Schmiedeberg, O., Arch. exp. Path. u. Pharmakol., 14, 379 (1881). 

. Minkowski, O., Arch. exp. Path. u. Pharmakol., 17, 445 (1883). 

. Nencki, M., Arch. exp. Path. u. Pharmakol., 20, 367 (1885-86). 

. van de Velde, A., and Stokvis, B. V., Arch. erp. Path. u. Pharmakol., 
17, 189 (1883). 

5. Jacoby, M., Z. physiol. Chem., 30, 149 (1900). 

6. Dox, A. W., J. Biol. Chem., 6, 461 (1909). 

7. Kossowiez, A., Z. Gdrungsphysiol., 1, 60, 121, 317 (1912). 

8. Nikitinski, J., Jahrb. wissensch. Bot., 40, 1 (1904). 

9. Shibata, K., Beitr. chem. Physiol. u. Path., 6, 384 (1904). 

10. Seo, Y., Arch. exp. Path. u. Pharmakol., 68, 440 (1908). 

11. van Tieghem, B. J., Compt. rend. Acad., 68, 210 (1864). 

12. Grassmann, W., and Basu, K. P., Z. physiol. Chem., 198, 247 (1931). 

13. Gulewitsch, W., Z. physiol. Chem., 27, 540 (1899). 

14. Hoppert, C., Biochem. Z., 149, 510 (1924). 

15. Griffith, W. H., and Cappel, P. B., J. Biol. Chem., 66, 683 (1925). 


- GC bo 














a 





16. 
17. 


18. 


19. 
20. 


21. 


~» 


23. 


24. 


25 


26. 


OD 
= 


‘. 





S. Ellis and B. 5. Walker 297 


Gleditsch, A., and Moeller, H., Ann. Chem., 260, 376 (1888). 

Novello, N. J., Miriam, 8. R., and Sherwin, C. P., J. Biol. Chem., 67, 
555 (1926). 

Jaffe, M., Ber. chem. Ges., 7, 1673 (1874). Bertagnini, C., Ann. Chem., 
78, 100 (1851). Léb, W., Ber. chem. Ges., 27, 3093 (1894). 

Neuberg, C., and Rosenthal, O., Biochem. Z., 145, 186 (1923). 

Mori, T., J. Biochem., Japan, 29, 225 (1939). 

Nawa, K., J. Biochem., Japan, 28, 237 (1938). 

So, T., J. Biochem., Japan, 12, 107 (1930). 

Mazza, F. P., and Pannain, L., Alti accad. Lincei, 19, 97 (1934). 

Quick, A. J., J. Biol. Chem., 96, 88 (1932). 

Utzino, 8., Tsunoo, 8., Fujita, 8., and Mori, T., J. Biochem., Japan, 
26, 477 (1937). 

Smorodinzew, I. A., Z. physiol. Chem., 124, 123 (1923). 

Trolle, B., in Bamann, E., and Myrbiick, K., Die Methoden der Fer- 
mentforschung, Leipzig (1941). 





OSES ee tN ARS ee 





























THE THREONINE, SERINE, CYSTINE, AND METHIONINE 
CONTENT OF PEANUT PROTEINS* 


By W. L. BROWN 


(From the Department of Chemistry, Georgia Agricultural Experiment Station, 
Experiment) 


(Received for publication, October 27, 1941) 


An extensive peanut breeding program has been in progress at 
this Station for several years. Since the earlier work of Johns, 
Jones, and others (1-6) on peanut proteins, some new amino acids 
have been discovered and improved methods of determination have 
appeared in the literature. An investigation of the composition 
of peanut proteins has been started in order to determine whether 
the proteins of the new strains are similar in composition to those 
reported for other varieties and in order to obtain more complete 
data on the amino acid composition of arachin and conarachin. 


EXPERIMENTAL 


Sound, clean, shelled peanuts of Strain 18-14 (Pearl XK North 
Carolina Runner) were pressed in a hydraulic, steel cage press to 
remove most of the oil. The seed-coats were removed, and the 
kernels ground finely and extracted with petroleum ether. The 
oil-free meal contained 44.9 per cent crude protein (N xX 5.5). 

Arachin and conarachin, prepared according to the method of 
Johns and Jones (1), were dialyzed, with a No. 300 cellophane 
membrane, until the chlorides were removed. The arachin and 
conarachin contained 0.64 and 0.40 per cent ash and, on an ash-free 
basis, 17.97 and 18.00 per cent nitrogen and 0.52 and 1.22 per 
cent sulfur, respectively. 

The nitrogen distribution was determined by Cavett’s modifica- 
tion (7) of the Van Slyke method. The results were similar to 
those obtained by Johns and Jones (2) for arachin and conarachin. 


* Published with the approval of the Director as paper No. 91, Journal 
Series. 
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Threonine and serine were determined by the methods of Shinn 
and Nicolet (8, 9), which are based on the determination of the 
acetaldehyde and formaldehyde formed by the reaction of periodic 
acid with these amino acids. Excellent recoveries were obtained 
on analysis of known mixtures of these compounds with other 
amino acids and ammonium chloride. Total 8-hydroxy-a-amino 
acids were determined by the periodate method of Van Slyke,! 
except that the ammonia was absorbed in boric acid solution and 
titrated with n/70 hydrochloric acid, with a mixed indicator con- 


TABLE I 


8-H ydrory-a-amino Acids of Peanut Proteins 


Total hy- | 
droxyamino oe 
Threonine Total acids, ayaroxy- 
Protein Threonine | as serine Serine serine by NH; = 
| equivalent equivalent | evolution, acids, 
as serine serine 


saniv 
equivalent equivalent 


per cent per cent per cent per cent per cent per cent 


Arachin 2.5% | 2.2% 5.20 7.46 7.51 0.05 
Conarachin 2.02 1.78 4.99 6.77 7.78 1.01 


TABLE II 


Sulfur Distribution of Peanut Proteins 





Total S 
Cystine + | Methio- Sulfate S — 

Protein cysteine S| nineS as H2S F 
(1+2+3) ound 
(Pregl) 

(1) (2) (3) 4) (5) 
per cent | per cent percent | percent per cent 
| 

Arachin 0.40 | 0.14 0.02 0.56 0.52 
0.45 om i Le 1.22 


Conarachin ..| 0.78 


taining methyl red and tetrabromophenol blue. Excellent re- 
coveries were obtained with this method also. 

The results for threonine, serine, and total 8-hydroxy-a-amino 
acids are shown in Table I. 

Cystine plus cysteine and methionine were determined by the 
methods of Baernstein (10) with the modifications introduced by 
Kassell and Brand (11). Sulfur was determined by Saschek’s 
modification (12) of the Pregl method, except that the barium 
sulfate was ignited. 


! Van Slyke, D. D.. personal communication. 
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The results for arachin were 1.51 per cent cystine and 0.67 
per cent methionine. Those for conarachin were 2.92 per cent 
cystine and 2.12 per cent methionine. The sulfur distribution is 
shown in Table II. 


DISCUSSION 


Martin and Synge (13) reported that 1.1 per cent of the total 
nitrogen of a sample of total globulin of the peanut was present 
as threonine nitrogen. Since they did not give the nitrogen 
content, and their recovery of acetaldehyde formed from threonine 
was poor, it is not possible to compare their results with those 
given here. 

Baernstein (6) found 0.54 per cent methionine and 1.33 per cent 
cystine in a sample of arachin which contained 0.42 per cent sulfur, 
compared with 0.67 per cent methionine and 1.51 per cent cystine 
in a sample containing 0.52 per cent sulfur reported here. The 
total sulfur recovered by Baernstein was 111.9 per cent, compared 
with the present value of 103.8 per cent. While methionine has 
not been reported heretofore for conarachin, Jones et al. (4) 
found 3.00 per cent cystine compared with the value of 2.92 per 
cent cystine reported here. 


SUMMARY 


Arachin and conarachin were prepared from peanuts, purified, 
and analyzed for threonine, serine, cystine, and methionine. 
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CYTOCHROME C PEROXIDASE 
II. THE PEROXIDASE-HYDROGEN PEROXIDE COMPLEX 


By RICHARD ABRAMS, A. M. ALTSCHUL,* anv 
T. R. HOGNESS 
(From the George Herbert Jones Chemical Laboratory of the University of 
Chicago, Chicago) 


(Received for publication, September 29, 1941) 


In a previous publication (1) we reported the isolation, purifica- 
tion, and properties of a new enzyme, cytochrome c peroxidase. 
Since the publication of that report we have carried out further 
experiments on this enzyme, particularly with a view toward es- 
tablishing its capacity to combine with hydrogen peroxide. In 
the course of these experiments we have found it expedient to 
modify the formerly reported procedure for isolation and puri- 
fication and have been able to obtain a product which has a 3- 
fold greater purity than the best product first reported. The 
result of this extended work is the subject of this paper. 


Test 

The spectrophotometric test described in the previous paper (1) 
was also used in this work to determine the enzyme activity. 
Cytochrome c dissolved in 0.02 m phosphate buffer is reduced with 
hydrogen and palladium asbestos, the final concentration of re- 
duced cytochrome c being 1.5 X 10-* mole per cc. In the course 
of the reduction, hydrogen peroxide is formed from the dissolved 
O». The concentration of the hydrogen peroxide thus formed is 
4.5 X 10-8 mole per cc., a 6-fold excess over that of the cyto- 
chrome c. The activity of an enzyme preparation is determined by 
observing the rate of oxidation of reduced cytochrome c by the 


* Present address, Southern Regional Research Laboratory. New Or- 
leans. 
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hydrogen peroxide in the presence of a given amount of enzyme. 
It was found that this reaction obeys the kinetic equation, 


d log (CyFe**) ; 
- —— = K(E) 
dt 


where (CyFe**) is the concentration of the reduced cytochrome ¢ 
and (£) represents the concentration of the cytochrome c peroxi- 
dase. The cytochrome c peroxidase unit of activity is defined as 
that amount of peroxidase which gives a value of 1 min. for 
—d log (CyFet*)/dt. The relative purity of any preparation is 
determined by the number of enzyme units per mg. of protein and 
is denoted by the symbol, Q. 


Isolation and Purification 


Several modifications were made in the procedure previously 
used in obtaining cytochrome peroxidase. As a result, a higher 
degree of purification was obtained. 

Principle—Washed and dried bakers’ yeast is ground and al- 
lowed to autolyze in water saturated with toluene. The presence 
of toluene alone increases the yield 5-fold and the purity of the 
resulting extract about 4-fold. This action of toluene is probably 
due both to its ability to break cells, thus speeding up autolysis, 
and to its bactericidal action which prevents bacterial destruction 
of the enzyme during the long autolysis. The toluene apparently 
does not interfere with the activity of the enzyme. 

The cytochrome peroxidase is precipitated from the supernatant 
of the autolysate by adding ammonium sulfate and trichloroacetic 
acid. The resulting precipitate is extracted with water and dia- 
lyzed. Upon centrifugation of the dialysate, a clear solution con- 
taining the enzyme is obtained. 

The next step in the purification involves fractionation with 
ethyl alcohol. It was found that best results were obtained only 
when the solution was as salt-free as possible. A dry powder which 
is stable for months, when kept in a vacuum desiccator at 0°, is 
obtained. 

All succeeding purifications are obtained by fractional adsorp- 
tion on y-aluminum hydroxide (2). A solution of the aleohol-dry 
powder is adsorbed on the alumina and eluted with dilute ammo- 
nium sulfate. The eluate is dialyzed until salt-free and the pro- 
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cedure repeated with somewhat different conditions of adsorption 
and elution. The final eluate is dialyzed and is stable for weeks 
if kept at 0°. 


Procedure 


Extraction-—-Anheuser-Busch’s bakers’ yeast is washed by filtra- 
tion and pressed dry. This yeast is dried at room temperature 
and ground in a coffee-mill. 1 kilo of yeast, 3 liters of water, and 
75 ce. of toluene are mixed and allowed to autolyze at 25° for 24 
hours, and then placed in a cold room overnight. This mixture is 
centrifuged, yielding a cloudy supernatant liquid (Solution A) con- 
taining a total of 400,000 units of cytochrome peroxidase activity 
with a Q of 2 to 4. 

Ammonium Sulfate-Trichloroacetic Acid Precipitation—350 gm. 
of ammonium sulfate and 55 ec. of 20 per cent trichloroacetic acid 
solution are added to every liter of Solution A at 0°. All the fol- 
lowing operations are carried out at this temperature. The pre- 
cipitate is extracted with water and the extract dialyzed in the cold 
for 15 hours. The cloudy solution is centrifuged, yielding Solu- 
tion B which has Q 20 to 30; yield about 45 per cent. 

Alcohol Fractionation—Solution B is diluted to a concentration 
of 5 mg. of protein per cc., and the pH adjusted to 4.2. Ethyl 
alcohol is added until the concentration is 19 per cent. The result- 
ing precipitate is discarded and the alcohol content increased to 
38 per cent. The precipitate is collected and dried in vacuo. 
20 mg. of this dry powder are suspended in 1 cc. of water and centri- 
fuged. The resulting supernatant (Solution C) has a Q of 80 to 
100; yield about 30 per cent. 

First Adsorption and Elution—Solution C is adsorbed upon 
y-aluminum hydroxide (1 ec. of hydroxide suspension of dry weight 
7.6 mg. per ec. is used for 5 ce. of Solution C). The enzyme is 
eluted with successive small amounts of 18 per cent saturated 
ammonium sulfate solution. The eluate is dialyzed 36 hours and 
then centrifuged to give clear golden yellow Solution D with a Q 
of 700 to 1000; yield about 30 per cent. 

Second Adsorption and Elution—Solution D is adsorbed upon 
y-aluminum hydroxide (1 ce. of hydroxide suspension for 20 cc. of 
Solution D). The enzyme is eluted this time with small quantities 
of 5 per cent saturated ammonium sulfate solution. Two elutions 
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with one-tenth the volume of the original Solution D are generally 
sufficient. The combined eluates are dialyzed 24 hours against 
running distilled water and are then centrifuged to give clear Solu- 
tion E with a Q of 1700 to 2700; yield about 50 per cent. 

The most active preparation thus obtained is more than 3-fold 
purer than the best product obtained by the previous procedure. 
Approximately 500- to 1000-fold purification on the basis of the 
original extract has been effected by these five steps. 


Properties 


Absorption Spectrum—The spectrum of cytochrome c peroxidase, 
as shown in Fig. 1, has three absorption peaks, an intense band in 
the blue at 4100 A. and two shallow bands at 5000 and 6200 A. 
The measurements were made on a preparation of Q = 2280. In 
the previously published spectrum (1) of a preparation of much 
lower purity, Q = 800, the 4100 A. band appeared as in the purer 
preparation, but the weak, diffuse bands at 5000 and 6200 A. 
were masked by general absorption. This three-banded spectrum 
is somewhat similar to those given in the literature for horseradish 
peroxidase preparations, but it is not identical. Keilin and 
Mann (3) report a peroxidase spectrum consisting of four bands 
at 4980, 5480, 5830, and 6450 A. Recently Theorell (4) has suc- 
ceeded in further purifying horseradish peroxidase and has sepa- 
rated it into two components, one having two bands at 4980 and 
6400 A., the other at 5480 and 5830 A. None of these authors 
gives any information concerning absorption in the Soret region. 
Itoh (5) reports a peak at 4000 A., while Kuhn, Hand, and Flor- 
kin (6) place this band at 4150 to 4200 A. In Table I the positions 
of the absorption bands of the various peroxidases are summarized. 
The spectrum of cytochrome c peroxidase approaches most closely 
that of Theorell’s Component II. The band at 5000 A. agrees 
very closely with the Component II band at 4980 A. There is, 
however, a definite difference in the position of the bands in the 
red; namely, 6400 A. for Theorell’s peroxidase and 6200 A. for 
cytochrome c peroxidase. 

When sodium hydrosulfite is added to peroxidases, the ferric 
iron is reduced to the ferrous state. Keilin and Mann (3) report 
that reduced horseradish peroxidase has two bands in the visible 
region, at 5580 and 5945 A. It has been shown (1) that reduced 
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cytochrome c peroxidase has a Soret band at 4375 A. and a strong 
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band in the visible region at 5600 A. There is no trace of a band 
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at 5945 A. However, a change in inflection at 6700 A. indicates 
that possibly a very weak band is present at that wave-length. 
The foregoing comparisons demonstrate that cytochrome c per- 
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oxidase has a distinctive spectrum which is not identical with 
that of any other published peroxidase spectrum. 

Absorption and Activity—Because of the greater purification 
achieved, it is now possible to demonstrate that the activity of the 
purified enzyme is directly related to its absorption in the Soret 


TABLE | 
Spectra of Various Peroxidases in Oxidized Form, in Reduced Form, 
and in Hydrogen Peroxide Complex 


Compound Absorption bands Bibliographic reference 
A. 
Cytochrome c peroxidase | 4100, 5000, 6200 
Horseradish ™ | 4980, 5480, 5830, 6450 Keilin (3) 
Peroxidase | | 5480, 5830 Theorell (4) 
“ Il | 4980, 6400 “ (4) 
Horseradish peroxidase 4000 Itoh (5) 
= si 4150-4200 Kuhn, Hand, Flor- 
kin (6) 
Reduced cytochrome c per- | 4375, 5600 Altschul, Abrams, 
oxidase Hogness (1) 
Reduced horseradish per- 5580, 5945 Keilin (3) 
oxidase 
Cytochrome c peroxidase- 4200, 5300, 5600 
H,O, complex 
Horseradish peroxidase- 5305, 5610 Keilin (3) 
H,0O, Complex I* 
Horseradish peroxidase- 5455, 5830 oa 


H,O, Complex II* 


* Complex I here designates the compound formed by the addition of an 
equimolecular amount of hydrogen peroxide to peroxidase. Complex II 
is the compound existing in the presence of a large excess of hydrogen per- 


oxide. 


region. This is shown in Table II which represents results ob- 
tained from a number of preparations. It can readily be seen that 
for preparations with values of Q exceeding 800 the relation of 
absorption to activity is constant. This indicates that other iron 
prophyrin compounds can be present only in very small amounts. 

Hemin Content—As is shown in Table III, enzyme activity is 
directly proportional to hemin content. We can therefore con- 
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clude that cytochrome c peroxidase is a hemin-protein compound. 
It is interesting to note that Theorell has been able to split reversi- 
bly the hemin prosthetic group from his Component II peroxidase 
preparation. 

Copper Content—-In the previous paper, it was shown that the 


TaBLe Il 
Relation between Enzyme Activity and Light Absorption 


Q Activity per cc. | Log (7): ___ Log Io/I 
} I / «100 








Activity per cc. 





445 910 0.456 5.01 
710 1040 0.533 | 5.13 
843 2100 | 0.891 4.25 
1035 1170 0.488 4.17 
1320 1610 0.662 | 4.12 
2230 3380 1.395 4.13 


* 1 cm. cells were used for the tests. Readings were taken at 4100 A., 
with a photoelectric spectrophotometer. 


TABLE III 
Relation between Enzyme Activity and Hemin Content 


The hemin content was determined spectrophotometrically by conver- 
sion to reduced pyridine hemochromogen (1). 


Q Per cent hemin | Per cent hemin 








x 10-4 

445 | 0.14 3.1 
705 0.27 3.8 
806 0.27 | 3.3 
843 0.26 3.1 
1035 0.30 2.9 
3.2 


2230 0.75 


peroxidase preparations contained small amounts of copper; the 
activity, however, was not impaired by huge excesses of sodium 
diethyl dithiocarbamate, a specific copper inhibitor. We have 
been unable to show any relationship between enzyme activity and 
copper content. Thus two preparations of very different degrees 
of purity (Q = 445 and 1035) had the same copper content (0.25 
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per cent). Another preparation of Q = 806 had a copper content 
of 0.09 per cent. It is quite possible that the copper accumulates 
during the long periods of dialysis. 


Enzyme-Substrate Complex 


Cytochrome c peroxidase forms a stable complex with hydrogen 
peroxide. Addition of hydrogen peroxide causes the brown cyto- 
chrome ¢ peroxidase solution to turn distinctly red. The changes 
in spectrum were determined by use of a photoelectric spectro- 
photometer, with an enzyme preparation with Q 2230 units per 
mg., a hemin content of 0.75 per cent, an activity of 3380 units 
per cc., and a protein content of 1.37 mg. per cc. 

0.5 ec. of the enzyme solution was placed in a small absorption 
cell (capacity 0.6 cc.) 1 em. in length. The spectrum was taken 
over the visible range at a temperature of 5°. This low tempera- 
ture prevented denaturation of the enzyme solution. After the 
entire spectrum was obtained, 0.1 cc. of 0.1 m hydrogen peroxide 
was added to the 0.5 cc. of enzyme solution in the absorption cell 
and the spectrum again observed. 

Both spectra are plotted in Fig. 1. The spectrum for the H,O, 
complex has been corrected for the dilution produced by the addi- 
tion of hydrogen peroxide. Clearly, the addition of hydrogen 
peroxide has resulted in the formation of a compound with a dif- 
ferent spectrum, as is shown in Table I. 

Keilin and Mann have investigated complex formation between 
horseradish peroxidase and hydrogen peroxide. As is indicated 
in Table I, they found two spectroscopically distinct compounds. 
The first, designated in Table I as Complex I is formed when 1 mole 
of hydrogen peroxide is added per mole of peroxidase hemin. 
However, when a large excess of peroxide is added, the spectrum 
shifts to that of the one designated as Complex II. The spectrum 
of the cytochrome peroxidase-H,02 complex is almost identical 
with that of Complex 1. This spectrum is obtained in the presence 
of a large excess of hydrogen peroxide and there is no evidence for 
a second spectrum corresponding to that of Keilin and Mann’s 
Complex II. 

In the above spectroscopic determination a large excess of hydro- 
gen peroxide was used. In order to determine how many mole- 
cules of hydrogen peroxide were taken up per molecule of hemin 


























Abrams, Altschul, and Hogness 311 


in the enzyme preparation, the enzyme was titrated with small 
amounts of H,O2. 0.5 cc. of enzyme was placed in a 1 em. absorp- 
tion cell and the absorption measured spectrophotometrically at 
5600 A. Small amounts of hydrogen peroxide were added until 
the absorption reached a maximum, indicating that all the enzyme 
was in the form of the complex. The results of the titration are 
shown in Fig. 2. 














T 7 t 
I5r 7 
4 WF 4 
05F + 
i i I 
0 Ql d2 Q3 


HYDROGEN PEROXIDE ADDED (MOLES «x 10’) 


Fic. 2. Titration of cytochrome c peroxidase with hydrogen peroxide. 
The ordinate, A, is the difference between log /»/J for the enzyme-hydrogen 
peroxide mixture and log /)/7 for the enzyme alone before any hydrogen 
peroxide had been added. 


From the experimental data thus obtained, the following proper- 
ties of cytochrome peroxidase can be determined, (a) the number 
of moles of hydrogen peroxide which combine with 1 mole of 
enzyme, (b) the dissociation constant of the enzyme-H,O2 complex, 
(c) the maximum molecular weight of cytochrome peroxidase 
(assuming one heme group per molecule). For the simplest case, 
t.e. 1 mole of enzyme reacting with 1 mole of H2Os, the dissociation 
constant, K p, is expressed in terms of concentrations of enzyme, 
substrate, and complex, as follows: 


e+s=es (1) 





ee 
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where e represents the total enzyme, s the total substrate (H,O.), 
and es the complex. 
(e — es)(s — es) 


Kp = (es) (2) 


Kp = e (s) + | — (s) — (e) (3) 
(es) 


It is possible, however, from a consideration of Beer’s law, to trans- 
form Equation 3 so that K p is expressed in terms of the experi- 
mentally determined quantities shown in Fig. 2. 

When no hydrogen peroxide is added, the observed absorption 
is related to the enzyme concentration as follows: 


Io 
Log (*) = a,(e) (4) 


where log J)/J is the observed absorption, a, is the absorption 
coefficient of eytochrome peroxidase at 5600 A., and (e) is the con- 
centration of enzyme. Ina mixture of hydrogen peroxide and the 
enzyme, the observed absorption is the sum of the absorption due 
to the free enzyme and that of the complex. 


Log (*) = a,|(e) — (es)] + ces (es) (5) 


where log (Jo/I)m is the absorption of the mixture, (es) is the con- 
centration of the complex, and a,, is the absorption coefficient of 
the complex. The quantity A is defined as follows: 


I Io 
A = log (*) — log (*) = (ae, — ae) (es) = kes) (6) 


Therefore 


A 
(es) = 
a) =F 


When all the enzyme is in form of the complex, the concentration 
of enzyme is given by 


Amax 
(7) 
k 


(e) = (es) = 


where A,,.x is the greatest change in absorption observed and corre- 
sponds to the horizontal flat portion in Fig. 2. By substituting the 
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values of (es) and (e) from Equations 6 and 7 in Equation 3, we 
obtain, 








Amax 
Ps , (s) P 
Ko + (s) + | = “a. ve (8) 
k 
or 
Kp + (: = = ) = : (A = Mpan) (9) 
or 
(‘= ~ :) (s) = : (Amax — A) + Ko (10) 


If, therefore, (Amax/A — 1)(s) is plotted against (Ana. — A), a 
straight line should be obtained, the ordinate intercept of which is 
equal to (+K ») and the slope is equal to 1/k. 

In Table IV are given the values calculated from the data 
in Fig. 2 necessary to determine Kp» and 1/k, and in Fig. 3, 
(Amax/A — 1)(s) is plotted against (Amax — A). Obviously the 
points lie on a straight line; the value of Kp = 1 X 10-* mole per 
liter and k = 9.6 X 10®°cm.? per mole. We can therefore conclude 
that the assumption in Equation 1 is correct and that 1 mole of 
enzyme combines with 1 mole of hydrogen peroxide. 

The concentration of the enzyme calculated from the value of 
kis 1.9 X 10-8 mole of enzyme percc. For the same enzyme solu- 
tion, the hemin content was determined to be 1.5 X 10-* mole 
perec. We can therefore conclude that within the limits of experi- 
mental error each mole of enzyme contains 1 mole of hemin. 

The maximum molecular weight of the cytochrome c peroxidase 
is calculated from the fact that 1.9 xX 10-* mole of enzyme is 
equivalent to 1.4 X 10-* gm. of protein. As a result the maximum 
molecular weight is determined to be 71,000. The purest prepara- 
tion ever obtained had a Q of 2700 and on the above basis would 
have a maximum molecular weight of about 60,000. 

The maximum molecular weight when compared with other 
hemin enzymes throws some light on the purity of the peroxidase. 
Pure catalase, for example, has a value of about 62,000 per atom of 


. 
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hemin iron. 


lower; namely, 48,000. 
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Peroxidase Component II of Theorell is somewhat 
A group of hemin-proteins, including 


TABLE IV 


Calculation of Dissociation Constant of Enzyme-Substrate Complex 





4 ASmax . Amax » 
—_ | ih s* ( = 1)s Amax — A 
x 10% x 10-5 

20.6 19.6 0.09 1.76 0.176 
7.1 6.1 0.29 1.77 0.159 
4.3 3.3 0.48 1.58 0.142 
2.3 1.3 0.83 1.08 0.106 
1.9 | 0.9 0.99 0.89 0.088 
1.56 0.56 1.30 0.73 0.066 
1.35 0.35 1.74 0.61 0.048 
1.08 0.08 =| 2.91 0.23 0.014 
1.03 3.79 114 0.005 


0.03 


* The substrate concentration, S, is expressed in 


moles per liter. 
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Fic. 3. Determination of the dissociation constant of the cytochrome ¢ 
peroxidase-hydrogen peroxide complex. 


hemoglobin, myoglobin, and cytochrome c, had much lower values 
of the order of magnitude of 16,000. In all probability cytochrome 


c peroxidase is similar to the other hydrogen peroxide-utilizing 
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enzymes (catalase and horseradish peroxidase), and, by the fore- 
going procedure, was obtained in a very nearly pure state. 

Another closely related criterion of purity is the intensity of the 
absorption band in the near ultraviolet region. In this respect the 
extinction coefficients of cytochrome peroxidase are very nearly 
the same as those of other pure hemin-proteins and thus the per- 
oxidase must be of a similar degree of purity. 

Horseradish peroxidase has been accepted (3) as an example of 
a hemin enzyme in which the iron undergoes no valence change 
during the course of the reaction. However, it should be noted 
that the spectrum of the enzyme-peroxide complex is very similar 
to that of oxyhemoglobin and oxymyoglobin. There is no direct 
evidence that the iron in the complex is in the ferrie state. Experi- 
ments to determine the magnetic susceptibility of this compound 
are in order. 

If we had been dealing with a pure enzyme, k should be equal to 
a.; — a, (Equation 6), and if the iron in the complex were in the 
reduced state, and that of the uncombined enzyme in the oxidized 
state, then we might expect that the value of a,, — a, would be 
similar to the difference between that of oxymyoglobin and met- 
myoglobin. Our value for a,, — a, is equal to 9.6 K 10° moles 
em.?, while the corresponding values for hemoglobin and for myo- 
globin are 10.3 X 10° moles! cm.? and 9.0 X 10® moles“ cm.? 
respectively. The close agreement in the values of a., — a, is not 
only indicative of the high degree of purity of the enzyme, but also 
provides another suggestion that perhaps the iron in the complex 
is reduced as in oxyhemoglobin and oxymyoglobin. 


SUMMARY 


1. A modified method for isolating cytochrome c peroxidase 
from bakers’ yeast is reported which yields a 3-fold purer product 
than the original procedure. 

2. The absorption spectrum of cytochrome c peroxidase is de- 
scribed as consisting of an intense band at 4100 A. and two shallow 
bands at 5000 and 6200 A. 

3. Evidence is presented that cytochrome c peroxidase is a 
hemin-protein, enzyme activity being proportional to Soret ab- 
sorption at 4100 A. as well as to hemin content. 

4. There is no apparent relation between copper content and 
enzyme activity. 
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5. The existence of a cytochrome c peroxidase-hydrogen peroxide 
complex is demonstrated and its spectrum shown to consist of three 
bands at 4200, 5300, and 5600 A. 

6. The dissociation constant of the enzyme-substrate complex 
is shown to be 1 X 10 * moles per liter. 

7. The maximum molecular weight (assuming one heme group 
per molecule) is shown to be 60,000. Several criteria are presented 
which indicate the high state of purity of the enzyme. 


We wish to acknowledge our indebtedness to Anheuser-Busch, 
Inc., for their cooperation in supplying yeast, to the Works Prog- 
ress Administration for assistance, and particularly to the Rocke- 
feller Foundation for the grant-in-aid which made this work 
possible. 
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ADAPTATION OF THE SCUDI COLORIMETRIC METHOD 
FOR PYRIDOXINE* 


By O. D. BIRD, J. M. VANDENBELT, ann A. D. EMMETT 


(From the Research Laboratories of Parke, Davis and Company, Detroit) 
(Received for publication, October 13, 1941) 


A colorimetric method for the determination of pyridoxine with 
2 ,6-dichloroquinonechloroimide has recently been described in de- 
tail by Seudi (1). This method had earlier been applied to a study 
of the urinary excretion of pyridoxine in the rat by Seudi and his 
associates (2). In an attempt to apply this general procedure to 
various pharmaceutical and biological materials, it developed that, 
many substances interfere with the test. A study has been made 
of the modifications necessary to avoid interferences and to adapt 
the method to routine assays of these materials. 

It was found that the most effective treatment of samples to free 
them from interfering substances was to adsorb the pyridoxine on 
superfiltrol,' and then elute and carry out the color reaction on the 
eluate. Adsorption of pyridoxine on superfiltrol proved to be most 
complete at approximately pH 3.0, as shown by the data in Table I. 
Adsorption was practically complete between pH 2.0 and 5.0, but 
dropped off sharply at higher pH. The data presented in Table II 
indicate that about 0.1 gm. of superfiltrol is required to adsorb com- 
pletely 100 y of pyridoxine. The ratio of the amount of super- 
filtrol used to the pyridoxine content of the sample has to be 
controlled within rather narrow limits, since too small an amount 
of the former will fail to adsorb all the pyridoxine, whereas too 
large an excess will produce low results owing to poor elution. 
If the approximate pyridoxine content of the starting sample is 
unknown, it is necessary to make a preliminary test, with a series of 
different amounts of superfiltrol to determine the optimum amount. 


* Presented before the meeting of the American Chemical Society at 
Atlantic City, September 11, 1941. 

‘ Obtainable from the Filtrol Corporation, 315 West Fifth Street, Los 
Angeles. 


317 

















318 Colorimetric Method for Pyridoxine 


Various methods of eluting the pyridoxine from the superfiltrol 
were studied. The most satisfactory proved to be simultaneous 
elution and color development. This was effected by adding the 
butanol solution of 2 ,6-dichloroquinonechloroimide to the super- 
filtrol on which the pyridoxine had been adsorbed. Following this, 
veronal buffer was added, which brought the pH to 7.8 to 8.0 and 


TaBLe | 
Effect of pH on Adsorption of 100 y of Pyridoxine on 0.04 Gm. of Superfiltrol 


Test No. pH ae Se Maximum 
per cent 
l 2.0 1.17 95.4 
2 3.4 1.24 100 
3 4.8 1.17 95.4 
4 6.2 0.49 39.5 
TaBie II 
Amount of Superfiltrol Required for Adsorption of 100 y of Pyridoxine at 
PH 4.4 
Test No Superfiltrol Color yt Adsorption 
gm. 
1 0.05 Slight blue Incomplete 
2 0.06 “ « 
3 0.07 Very slight blue S 
3 0 OS e ae ce sé 
5 0.09 No blue Complete 
6 0.10 7" " 
7 0. 11 a ae sé 
8 0. 12 “ee ae ‘ee 


allowed the characteristic blue color to develop. The method is 
as follows: 

Graded amounts of unknown, estimated to contain 5 to 100 y of 
pyridoxine are weighed or measured into 16 mm. calibrated test- 
tubes. Graded amounts of diluted pure pyridoxine are measured 
into a similar set of tubes to serve as standards. 2 cc. of Mcll- 
vaine’s citrate-phosphate buffer (pH 3.0) are added to each tube 
and the volume made up to 5 cc. with water. 1 mg. of superfiltrol 
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is added for each microgram of estimated pyridoxine. The tubes 
are stoppered and shaken vigorously several times during a 30 
minute period, after which the suspension is centrifuged and the 
liquid decanted. The adsorbates are now washed with 5 ce. 
amounts of solution buffered as before, by shaking, centrifuging, 
and decanting. 

10 ec. of a butanol solution containing 62.5 y of 2 ,6-dichloro- 
quinonechloroimide per cc. are added to the tubes containing the 
adsorbates. After 5 minutes, during which the tubes are shaken 
vigorously several times, 3 cc. of a veronal buffer solution (pH 7.8) 
are added to each and the mixture agitated. The buffer solution 
is added to succeeding tubes at regular time intervals of 30 to 60 
seconds, since the development of color before reading must be 
carefully timed. The resulting butanol-water emulsion is sepa- 
rated by centrifuging. The butanol layer is decanted into a color- 
imeter tube and the amount of color determined in an electric 
photometer with a filter transmitting at approximately 650 my. 
The maximum color occurs about 20 minutes after the dye solution 
is added. The readings are made in the same order in which the 
veronal buffer was added to the tubes, and at the same time inter- 
vals. Thus the color in all the tubes develops for the same length 
of time. 

From the photometer readings obtained for the tubes containing 
known amounts of pyridoxine a standard curve is drawn. The 
pyridoxine content of each unknown tube is determined in terms 
of the standard by reference to the curve. An average of three to 
four closely agreeing values obtained in this manner is taken for 
calculating the pyridoxine content of the sample. 

On some samples of natural products, especially those which are 
dark colored and low in pyridoxine content, a preliminary treat- 
ment is necessary before the above assay method can be carried 
out. The procedure followed in cases of this kind has been to dis- 
solve or suspend 1 gm. of the finely powdered material in about 8 ce. 
of water in a test-tube, add 1 cc. of 10 per cent lead acetate, dilute 
to 10 cc., mix, and centrifuge. An aliquot of the supernatant solu- 
tion is taken for the test as outlined. 

A study was made of the performance of the assay procedure 
when carried out on pure solutions of pyridoxine to which other 
vitamins had been added. The data from these experiments are 
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presented in Table III. The presence of 50 or 500 y of thiamine, 
riboflavin, nicotinic acid, sodium pantothenate, or 10 times these 


TABLE III 


Recovery of Pyridoxine in Presence of Added Vitamins 





Test No. Vitamin added per tube* ae Recovery 
per cent 
l Control 0.50 
2 0.50 
3 50 y thiamine 0.48 16 
1 5OO ** - 0.49 98 
5 50 * riboflavin 0.48 6 
6 5OO ** “ 0.51 102 
7 50 “ nicotinic acid 0.48 OH 
S 5OO ** - - 0.46 92 
9 50 “ sodium pantothenate 0.49 OS 
10 5OO * > = 0.49 8 
11 500 “* ascorbic acid 0.50 100 
12 5000 ** 25 0.52 104 


* Each tube contained 50 y of pyridoxine. 


TABLE IV 


Recovery of Pyridoxine in Presence of Combined Vitamins 


Vitamins added* 


Extinction Recovery 
\ 623 my , . 


lest No 


a Thiamine Riboflavin Nicotinic Ascorbic 
senate acid acid 
Y Y Y 7 Y per cent 

l 0.63 
2 L100 0.62 g9 
3 100 100 0.62 99 
! 100 100 100 0.63 100 
5 100 100 100 100 0.60 95 
6 100 100 100 500 0.60 05 
7 100 100 100 500 500 0.59 4 
8 100 100 100 500 2500 0.61 97 


* Each tube contained 50 y of pyridoxine. 


amounts of ascorbic acid did not influence the accuracy of the 
assay. It should be noted here that it is impossible to carry out the 
assay on materials containing ascorbic acid without first elimi- 
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nating it by the adsorption and elution technique, or some other 
suitable procedure, since it destroys the blue color produced in 
the test. 


TABLE V 
Stability of Pyridoxine. Effect of Autoclaving at Different pH 


} 


pH of |  Extinetion, 


Test No. odietlen* | Time of heating » 623 my Recovery 
min. | per cent 
Al 4.6 0 | 0.63 | 100 
2 4.6 5 0.50 | 94 
3 4.6 15 0.50 | 4 
4 4.6 45 0.53 100 
BI 7.6 0 0.52 | 100 
2 7.6 5 0.49 “4 
3 7.6 | 15 0.49 94 
1 7.6 45 0.48 92 
Cl 9.7 0 0.49 100 
2 9.7 5 048 | 98 
3 9.7 15 0.49 100 
4 9.7 45 045 | 92 
* All solutions contained 20 y of pyridoxine per cc. 
TABLE VI 
Results of Typical Pyridoxine Determinations 
Sample Pyridoxine found 
y per gm. 
Rice polish concentrate, desiccated (Labeo).. coed 71 
Yeast extract, desiccated (Difco)... 40 
Rice bran extract (Vitab). 124 
Wheat germ extract = 49 
y per ce. 
Urine, before ingestion of vitamin Bg....... ann <1 
Same | hr. after ingestion of 100 mg. vitamin Bg........ 19.1 


In a further study the vitamins mentioned above were combined 
in different ways with pure pyridoxine and recovery assays carried 
out. The results, shown in Table IV, indicate that no combina- 
tion of these pure vitamins with pyridoxine interferes significantly 
with the determination of the latter by this method. 
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Pyridoxine has been stated to be unstable in dilute solutions to 
autoclaving at neutral pH. Data obtained (Table V) by the 
method described do not indicate that it is very unstable to heat, 
even in fairly alkaline solution. Solutions containing 20 y of 
pyridoxine per cc. did not drop significantly in potency even after 
being autoclaved 45 minutes at pH 9.7. 

In Table VI are presented results from a few typical determina- 
tions of pyridoxine. The method, being rapid and requiring no 
complicated manipulations, has proved to be particularly valuable 
for routine assay of natural materials as well as pharmaceutical 
products whose vitamin Bs, content has been augmented by the 
addition of crystalline pyridoxine. 
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THE METABOLISM OF VITAMIN B, 


By JOHN V. SCUDI, RUDOLF P. BUHS, ann DOROTHY B. HOOD 


(From the Research Laboratory of Merck and Company, Inc., and the Merck 
Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, October 22, 1941) 


In previous experiments it was shown that the rat eliminates 50 
to 70 per cent of varied test doses of pyridoxine by way of the 
urinary tract (1). In the dog 20 per cent of the vitamin was re- 
covered within 6 hours after the oral or intravenous administra- 
tion of varied doses, while only 8.7 per cent of a 50 mg. intravenous 
dose was recovered from the urine of apparently healthy, male 
subjects (2). These experiments performed by means of the 
indophenol reaction of vitamin Bg (3) were concerned only with 
the excretion of unchanged pyridoxine. We report here evidence 
for the metabolism of pyridoxine in man, the dog, and the rat. 


EXPERIMENTAL 

Four fasting, male, mongrel dogs, weighing 11.0 to 14.3 kilos, 
were given 200 ce. of water by stomach tube and the bladder was 
emptied by catheter. After 1 hour, control samples of urine were 
taken by catheter and each dog was given 500 mg. of pyridoxine in 
250 cc. of water by stomach tube. Postadministrative samples of 
urine were collected over a 4 or 24 hour period, the bladders being 
emptied finally by catheter. 

Urine samples were adjusted to pH 6.8 to 7.2 and diluted to 
give vitamin concentrations of approximately 5 y per ee. The 
samples were then analyzed by use of a veronal buffer as previously 
reported (1, 2). At urine dilutions of 1:10 and above, urinary 
phenols do not interfere, as indicated by the negative results ob- 
tained with control samples of urine. The values obtained with 
the postadministrative samples are shown in Column 2 of Table I. 
These values represent the free ‘vitamin Bs” output. 

That these values represent chiefly vitamin Bg was confirmed 
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by the following isolation experiment. 
administered to a fifth dog and a sample of urine (160 ec.) was ob- 


Subject 


Rats I 


* Pa. = postadministrative. 


Sample 


Control 
4 hrs. Pa.* 
Control 
4 hrs. Pa. 
Control 
4 hrs. Pa. 
Control 
24 hrs. Pa. 
Control 


65 min. Pa. 


135 se “ 


Control 


90 min. Pa. 


Control 
2 hrs. Pa. 
Control 
2 hrs. Pa. 
Control 
3 hrs. Pa. 
Control 
3 hrs. Pa. 
Control 
7 hrs. Pa. 
Control 
7 hrs. Pa. 
Control 
7 hrs. Pa. 
Control 


7 hrs. Pa. 


TABLE I 
Urinary Output of Vitamin Bg 


Volume 


cc 
35 
66 
12 
138 
39 
163 
128 
238 
196 
167 
68 
60 
70 
96 
328 
86 
138 
55 
360 
130 
259 


2 gm. of the vitamin.were 


Free vitamin Be 


Metab- 
olite 
a 


tained which showed approximately 
measured by the indophenol reaction. 
continuously for 12 hours with butanol, and the extract was con- 


0 
50 
0 
50 
0 


Vitamin 


129 


132 


Total vitamin Bs 


Metab- 
olite 
3) 


mg 


0 


0 
1 
0 


9 


0 
l 
0 
0 
0 


5 
5 





Vitamin 
6 
(4) 
mg 
0.0 
172.0 
0.0 
173.0 


500 mg. of vitamin Beg as 
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centrated to dryness in vacuo. The residue was extracted with 
ether, and the vitamin was precipitated as the hydrochloride by 
passing hydrogen chloride through the dried ethereal solution. 
Approximately 150 mg. of material was obtained. The product on 
recrystallization from absolute alcohol melted with decomposition 
at 206-208°, corrected, and at the same temperatures when 
mixed with a pure sample of the vitamin. 


Analysis—C sH,,;NO3-HCl. Caleulated. C 46.7, H 5.88, N 6.81 
Found. ** 46.43, “ 5.86, “ 6.63 


The output of vitamin Bs as measured by the indophenol re- 
action carried out with a veronal buffer can include certain 
metabolites of the vitamin. An investigation of these metabolites 
was therefore undertaken. 

It has been shown that vitamin Bs does not give the indophenol 
reaction in the presence of a borate buffer because the phenolic 
group of the vitamin is masked by the formation of a complex 
involving boron linked to 2 molecules of the vitamin through the 
oxygen atoms in the 3 and 4 positions (4). The urine samples 
(diluted to contain approximately 50 y of the vitamin) were there- 
fore analyzed with a borate buffer.!. Standard solutions of the 
inner ether (I) were used for the comparison, as previously de- 
scribed (3). Analysis showed a vitamin Bs metabolite which, 


CH:—O CH,—O 


L | L | 
Ho—7 \—cH, HO a co 


os Mihi Hos 
CH, Y/ CH; Y/ 


N N 
(1) (II) 


like the inner ether, gave the indophenol reaction in the presence 
of the borate buffer. The values obtained are shown in Column 
l of Table I. This metabolite is measured with the free vitamin 


‘ This borate buffer was prepared as follows: 50 cc. of a solution which is 
1.2 m in borie acid and 1.2 min KCl is diluted, and 2.5 n NaOH is added to 
pH 8.6 to thymol blue. The volume is then adjusted to 200 ce. This 
buffer gives a negative indophenol reaction with vitamin Bs solutions con- 
taining 200 y per cc. or less. 
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when a veronal buffer is used. Thus, subtracting the value ob- 
tained when a borate buffer is used from the value obtained with a 
veronal buffer gives the true value of free vitamin Beg. 

Certain inferences can be drawn concerning the structure of this 
metabolite. The ring nitrogen of the vitamin is not substituted, 
and it is probable that the 2-methyl group is not altered. The 
3-hydroxyl group is intact, whereas the 4-hydroxymethyl group 
is certainly altered. The 5-hydroxymethyl group may or may not 
be altered and the 6 position is unchanged. The metabolite, 
like vitamin Bs, gives an indophenol reaction product which is 
rapidly and characteristically destroyed by the addition of strong 
alkali. The indophenol formed by the metabolite is, however, 
more stable than the vitamin B, indophenol. These requirements 
are met, among other possibilities, by ethers involving the 4- 
hydroxymethy] group, such as the inner ether (I). The lactone 
(II), kindly furnished by Dr. 8. A. Harris, does not give an in- 
dophenol reaction in the presence of the borate buffer. 

The urine samples were also analyzed after acid hydrolysis. 
The hydrolysis was performed as follows: 2 cc. samples of un- 
diluted urine mixed with 2 cc. of 6 N HCl were heated in a boiling 
water bath for 60 minutes. This treatment does not convert 
vitamin B, to its inner ether. After the hydrolysis, the solutions 
were cooled, neutralized, diluted, and tested both with the veronal 
and with the borate buffer. The values obtained (Column 4, 
Table I) when the veronal buffer was used represent the total 
“vitamin B,’’ output. These values were always higher than the 
free vitamin output, and the difference between the two values 
represents the amount of the vitamin conjugated. Since con- 
jugation of the 3-hydroxyl group of the vitamin inhibits the in- 
dophenol reaction, it may be inferred that the vitamin is con- 
jugated either as a glucuronide or as an ethereal sulfate, and this 
conjugation involves the 3-hydroxyl] group of the vitamin. The 
values obtained when the borate buffer was used (Column 3, 
Table I) also showed an increase after the hydrolysis. Thus the 
metabolite, like the unchanged vitamin Bg, is also conjugated in 
part through the 3-hydroxyl group. The amount of the metabolite 
conjugated is determined by subtracting the free from the cor- 


responding total values. 
Similar experiments were performed with fasting, human, 
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male subjects. Morning specimens were discarded and 300 ce. 
of water were administered. A control sample of urine was col- 
lected after 60 minutes. A solution of 500 mg. of pyridoxine in 
250 cc. of water was given and postadministrative samples were 
collected. Analyses were performed as described. The data, 
shown in Table I, indicate that man and the dog eliminate the 
same urinary excretion products. 

Similar experiments were also performed with twelve rats. The 
animals, weighing 175 to 225 gm., were divided into four groups of 
three. Each rat was given 7.5 cc. of water by stomach tube, and 
after 3 hours control samples of urine were collected. 10 mg. of 
the vitamin hydrochloride in 7.5 cc. of water were then admin- 
istered to each rat, and postadministrative samples of urine were 
collected over a 7 hour period. The data obtained (Table I) 
are in agreement with previous findings (1). The differences 
between the total and free vitamin output are within the experi- 
mental error. Consequently it appears that at this dose level the 
rat, unlike man and the dog, does not conjugate the vitamin. 
This finding is in line with the higher excretion of the free vitamin 
in the rat than was found in man and the dog. At the dose level 
studied the rat appears to convert a smaller percentage of the 
ingested vitamin to the metabolite, and does not conjugate this 
metabolite, as is the case with man and the dog. 

It has been reported (3) that the 4,5-dicarboxylic analogue of 
the vitamin does not give the indophenol reaction because of its 
solubility in the alkaline, aqueous phase used in the two phase 
test procedure. This, and other alkali-soluble products which 
might be present in urine would not be measured by the indophenol 
reaction. If such products exist in the urine samples, and the 
3-hydroxyl and 6 position remain free, it should be possible to 
measure these products by coupling with diazonium salts. Swam- 
inathan’s coupling procedure (5) was therefore used to analyze the 
samples of humanurine. The total vitamin B, output as measured 
by this method did not exceed the output found by the indophenol 
procedure. Consequently, it would appear that there is little or 
none of this type of acidic metabolite in human urine. 

In analogy with other pyridine compounds N-methylation of 
the vitamin may be anticipated. This N-methyl derivative does 
not give the indophenol reaction (3), and, in agreement with the 
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zwitter ion nature of the vitamin (6), it was observed that the 
N-methyl derivative does not couple with diazonium salts, 
It does not form cyanines (6), nor does it react with cyanogen 
bromide. This derivative does react with ferric chloride to give 
a red-brown color. However, this color reaction is not suited to 
quantitative use. Consequently, we are unable, at this time, to 
rule out the possible occurrence of N-substituted metabolites in 
these samples of urine. 


SUMMARY 


Evidence has been presented to show that both man and the 
dog excrete large amounts of ingested vitamin Bg in the urine in 
the form of a conjugate, whereas the rat does not. This con- 
jugate involves the 3-hydroxyl group of the vitamin and is prob- 
ably a glucuronide or an ethereal sulfate. Concentrations of this 
material can be quantitatively measured by the indophenol 
reaction following hydrolysis. 

A second excretion product has also been detected in the urine 
of man and the dog, and to a lesser extent, in rat urine. This 
product is conjugated by man and the dog, but not by the rat. 
The structure of this metabolite has been considered and it has 
been shown that the 4-hydroxymethyl group of the vitamin is 
altered to produce this compound. The metabolite can be quan- 
titatively measured by the indophenol reaction carried out with 
a borate buffer. The excretion of unchanged vitamin Bg in the 
dog has been confirmed by isolation. The possible occurrence of 
other urinary excretion products has been considered. 


BIBLIOGRAPHY 


1. Seudi, J. V., Koones, H. F., and Keresztesy, J. C., Proc. Soc. Exp. Biol. 
and Med., 48, 118 (1940). 

2. Seudi, J. V., Unna, K., and Antopol, W., J. Biol. Chem., 136, 371 (1940). 

3. Seudi, J. V., J. Biol. Chem., 189, 707 (1941). 

4. Seudi, J. V., Bastedo, W. A., and Webb, T. J., J. Biol. Chem., 136, 399 
(1940). 

5. Swaminathan, M., Jnd. J. Med. Research, 28, 427 (1940). 

6. Harris, S. A., Webb, T. J., and Folkers, K., J. Am. Chem. Soc., 62, 3198 
(1940). 








—$— 




















QUANTITATIVE INVESTIGATIONS OF AMINO ACIDS AND 
PEPTIDES 


VIII. THE SOLUBILITY AND SPECIFIC ROTATIONS OF 
l(—)-LEUCINE AT TWENTY-FIVE DEGREES* 


By M. PALMER STODDARD anv MAX 8. DUNN 


(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, October 13, 1941) 


The physical data recorded in the literature for some of the 
naturally occurring amino acids may be grossly inaccurate because 
of the uncertain purity of the amino acids used in measuring 
physical properties. Nearly all amino acid preparations used for 
such purposes have been subjected to purification procedures but, 
as is now recognized, the methods employed in some cases were 
ineffective. Because of particular difficulties in the purification 
of natural leucine, preparations of this amino acid were notably 
impure. ‘The leucine first isolated from proteins by Proust (1) 
and Braconnot (2), as well as the preparations made by later in- 
vestigators, was purified usually by recrystallization from water or 
aqueous ethanol until the specific rotation, or some other physical 
property, was constant and the percentages of carbon, hydrogen, 
and nitrogen were in close agreement with the theoretical values. 
It is known, however, that natural leucine is not freed from certain 
amino acid impurities by this treatment and that its purity cannot 
be established, unequivocally, by means of these criteria. 


* Aided by grants from the University of California, the Rockefeller 
Foundation, and Merck and Company, Ine. Technical assistance was pro- 
vided by the National Youth Administration, University of California, 
Los Angeles. The authors wish to thank Dr. G. Toennies and Dr. T. P. 
Callan, Lankenau Hospital Research Institute, Philadelphia, for their 
kindness in carrying out experiments reported in this paper. The authors 
are indebted to Mr. George Courtney of this laboratory for assistance in 
making some of the analyses. 

For the preceding paper in this series see the Journal of Physical Chem- 
istry, in press. 
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The presence of a sulfur-containing impurity in natural leucine 
was observed by Fischer (3) who destroyed this contaminant by 
heating the leucine with lead oxide for 7 hours at 165°. This 
method is unsatisfactory for the purification of natural leucine, 
since the latter is racemized in the process. Although this con- 
taminant (methionine) was isolated in pure form by Mueller (4) 
in 1923 and its constitution established 5 years later by Barger 
and Coyne (5), prior to 1936 it was not generally recognized that 
purified natural leucine contained appreciable quantities of 
methionine. The gravity of the situation in 1935 was revealed by 
the report of Mueller (6) that samples of natural leucine obtained 
from three manufacturers contained from 2.7 to 9.2 per cent of 
methionine and that two especially purified leucine preparations 
contained readily measurable amounts of sulfur. 

The inadequacy of simple crystallization procedures was shown 
clearly by the experiments of Cohn et al. (7), while, according to 
Fox (8), attempts to purify natural leucine by esterification and 
fractional distillation, electrodialysis, precipitation of methionine 
as a mercury complex, and crystallization from acidified butyl 
alcohol were unsuccessful. 

Two methods for the preparation of leucine, free from methi- 
onine, have been described. Fox (8) prepared leucine, which was 
stated to be sulfur-free and ash-free, in 50 per cent yield from 
formylated crude natural leucine which had been crystallized six 
times from water. However, supporting analytical data were 
not given. Natural leucine, which was stated to be free from 
sulfur, was prepared by Bergmann and Stein (9) from crude na- 
tural leucine nasylate (naphthalene-6-sulfonate) which had been 
crystallized once from 1 n hydrochloric acid and three times from 
water. The purified product contained 97 per cent /(—)-leucine, 
according to analysis by the solubility method; its specific rotation 
was +15.33° with sodium light and a 4.8 per cent solution of the 
amino acid in 21 per cent hydrochloric acid at 24°. 

The presence of another amino acid contaminant, isomeric with 
leucine, in leucine preparations obtained by the ester distillation 
method from the 80-85° fraction was reported by Fischer (10) 
in 1901. The specific rotations of these crystalline fractions in 6 N 
hydrochloric acid at 20° with sodium light varied from about 
+22° to +23°. Since the specific rotation of leucine under the 
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same conditions is approximately +15°, while that of isoleucine 
is approximately +40°, it seems probable that the impurity in 
Fischer’s leucine was isoleucine. Isoleucine was isolated from 
beet sugar molasses and proteins, identified, and named by 
Ehrlich (11) in 1904. Although Ehrlich could not separate leucine 
and isoleucine by fractional crystallization of the crude mixture 
of amino acids, or their derivatives, he was able to extract copper 
isoleucinate with methyl alcohol from the mixture of copper salts. 

While it seems probable that the leucine prepared either from 
purified formylleucine or leucine nasylate was of high purity, it is 
desirable that the purity of these, or any other preparations of 
l(—)-leucine, be established with determined precision and ac- 
curacy. The experiments described in the present paper were 
undertaken with this object. 


Preparation of Purified Natural l( —)-Leucine! 


Purification of crude natural leucine by the fractional crystal- 
lization at pH 2 of the salt, dileucine monohydrochloride,? was 
the procedure first investigated. This method was abandoned 
when it was ascertained that the sulfur content of succeeding 
crystal fractions was not appreciably less than that of the crude 
leucine. Fractional crystallization of leucine monohydrochloride, 
a method suggested by Mueller? was the procedure finally 
adopted.* This method is described below. 

A mixture containing 114 gm. of commercial leucine’ and 483 
ml. of 8.3 N hydrochloric acid was heated until the solid dissolved. 


' It was found by A. W. Butler in this laboratory that the specific rota- 
tion, +21.5° in 6 N HCl at 25.6°, of a sample of 1(—)-leucine isolated from 
casein was unchanged after two recrystallizations from hydrochloric acid. 
It would appear, therefore, that crude natural leucine isolated from casein 
is more impure and is purified less readily than that obtained from zein. 

* The properties of 1(—)-dileucine monohydrochloride have been investi- 
gated by Takahashi and Yaginuma (12), Barnett (13), and Hill and 
Robson (14). 

* Mueller, J. H., private communication, June, 1935. 

‘The purification of natural leucine by this method was first described 
by Heckel (15) and Samec (16) in 1908. 

* Technical grade 1[(—)-leucine was purchased from the Corn Products 
Refining Company, Argo, Illinois. The specific rotation of this material 
at 25° in 6 N hydrochloric acid with sodium light was +15.4°. 
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The suspension of crystals, which formed after the solution had 
stood overnight at room temperature, was filtered. The moist 
crystalline /(—)-leucine monohydrochloride was suspended in 400 
ml. of 6 N hydrochloric acid and the mixture heated until the solid 
dissolved. After this solution had stood overnight, the suspension 
of crystals was filtered. This procedure was continued until no 
crystallization occurred (Flask 3). 

A second 114 gm. portion of the commercial leucine and 83 
ml. of 12 nN hydrochloric acid were mixed with the filtrate obtained / 
initially by filtering the first suspension of crystals. This mixture 
was heated until the solid dissolved. The next day the suspension 
of crystals was filtered and suspended in the second filtrate from 
the first series of runs. The procedure was continued as de- 
scribed with the third filtrate and two additional 400 ml. volumes 
of 6 Nn hydrochloric acid to dissolve the crystals. The crystals 
which formed in Flask 5 were collected. 

After four such series of runs the filtrate in Flask 1, which had 
become discolored from dissolved impurities, was discarded and 
Flask 6 containing 400 ml. of 6 N hydrochloric acid was included 
in the series. Eighteen 114 gm. lots of the commercial leucine 
were subjected to recrystallization in this manner. The total 
yield of purified /(—)-leucine monohydrochloride was 930 gm. 

922 gm. of this product were dissolved in 7 liters of hot distilled 
water. 10 gm. of norit A were stirred into the hot solution, the 
suspension was filtered, and the filtrate was brought to pH 7 
by the addition of about 400 ml. of concentrated ammonium hy- 
droxide. After this solution had stood for 12 hours in the refriger- 
ator, the suspension of /(—)-leucine crystals was filtered and 
washed three times, a total of 2200 ml. of methanol being used. 
The yield of /(—)-leucine, dried at 60°, was 545 gm. (75 per cent 
of the theoretical amount). 

533 gm. of this product were dissolved in 12 liters of boiling 
distilled water, the solution filtered, and the filtrate evaporated 
until crystals began to form. After the suspension had stood 
overnight in the refrigerator, it was filtered. The crystals were 
washed, a total of 1100 ml. of methanol being used. The yield 
of 1(—)-leucine, dried at 50°, was 313 gm. (59 per cent recovery). 
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Purity of Purified Natural l( —)-Leucine . 


The qualitative observations, semiquantitative measurements, 
and quantitative analyses utilized in determining the degree of 
purity of the purified leucine are described below. The leucine 
consisted of odorless, pure white, plate-like crystals which gave a 
crystal-clear aqueous solution. 

Moisture—The moisture content, determined by drying ap- 
proximately 0.5 gm. samples to constant weight at 77° in a partial 
vacuum in an Abderhalden drier in the presence of calcium chlo- 
ride, was 0.00 + 0.02 per cent. 

Ash—The ash content, determined by igniting approximately 
1 gm. samples, was 0.00 + 0.01 per cent. 

Inorganic Impurities—The presence of ammonia, iron (ferrous 
and ferric), phosphate, and heavy metals (impurities commonly 
found in amino acids isolated from protein sources) could not be 
demonstrated. If they were present, the percentage of each was 
definitely less than 0.004. Chloride was shown to be present but 
its percentage was definitely less than 0.004. 

The procedures used in making these tests are described in 
detail because of their general application to other amino acids. 
The stipulated reagents® are added to weighed amounts of the 
amino acid and to aliquots of standard solutions containing known 
weights of c.p. chemicals. The intensities of the resulting colors 
or turbidities are compared visually and the amounts of impurities 
are estimated from these data. A tolerance of 0.004 per cent of 
each inorganic impurity has been adopted by the present authors 
as an arbitrary standard which may be applied conveniently and 
with satisfactory accuracy to minimum quantities of amino acids. 
It was demonstrated that the sensitivity of the tests for inorganic 
impurities is not altered measurably by the presence of an amino 
acid. These tests are described below. 

Chloride—A 50 mg. sample of the amino acid and 0.30 ml. of a 
solution containing 0.0067 mg. of chloride (as sodium chloride) 
per ml. of distilled water are placed in separate 4 inch test-tubes. 
To each tube are added 4 ml. of 2 N nitric acid and 0.5 ml. of 0.1 


® Only substances which have been shown by test to be free from the 
impurities to be determined should be used in the preparation of reagents. 














334 Amino Acids and Peptides. VIII 


N silver nitrate solution. The solutions in each tube are mixed 
and, after 1 minute, the turbidities are compared. 

Ammonia—A 10 mg. sample of the amino acid and 0.10 ml. 
of a solution containing 0.004 mg. of ammonia (as ammonium 
chloride) per ml. of distilled water are placed in separate 3 inch 
test-tubes. To each tube are added 1 ml. of 1 N sodium hydroxide 
solution and 1 drop of Nessler’s reagent. The solutions in each 
tube are mixed and the orange-red colors compared immediately. 

Iron—A 67 mg. sample of the amino acid and 0.50 ml. of a solu- 
tion containing 0.00536 mg. of iron (as FeCl,-6H.O) per ml. of 
2 n hydrochloric acid are placed in separate 6 inch test-tubes. 
To each tube are added 12 ml. of 2 N hydrochloric acid and 1 ml. 
of 2N nitric acid. The solutions in each tube are heated to boiling 
and cooled. 5 ml. of 0.1 N potassium thiocyanate solution are 
added to each tube and the resulting pink colors are compared 
immediately. 

Phosphate (Calculated As P20s)—A 100 mg. sample of the amino 
acid and 0.60 ml. of a solution containing phosphate equivalent 
to 0.0067 mg. of P,Os (as NasPO,-12H2O) per ml. of distilled water 
are placed in separate 4 inch test-tubes. To each tube are added 
0.6 ml. of 4 N nitric acid and 0.5 ml. of ammonium molybdate 
solution’? (to which an equal volume of 6 N nitric acid has been 
added). The solutions in each tube are mixed and heated for 15 
minutes at about 60° with the tubes inclined at an angle of 45°. 
The yellow precipitates on the walls of the tubes are compared. 

Heavy Metals—An 84 mg. sample of the amino acid and 0.50 
ml. of a solution containing 0.00336 mg. of copper (as CuSO,-- 
5H.O) and 0.00336 mg. of nickel (as NiCl,-5H2O) per ml. of 4 
N nitric acid are placed in separate 4 inch test-tubes. 0.5 ml. 
of 4 N nitric acid is added to the tube containing the amino acid. 
To each tube are added 2 drops of concentrated ammonium hy- 
droxide and 1.5 ml. of distilled water saturated with hydrogen 
sulfide. The dark colored turbidities are compared immediately. 

Methionine*—The leucine contained 0.10 + 0.05 per cent of 


7 Prepared by dissolving 90 gm. of c.p. ammonium molybdate in 200 ml. 
of 6 N ammonium hydroxide, dissolving 240 gm. of ammonium nitrate in 
this solution, and diluting the final solution to 1 liter with distilled water. 

’ A method, recommended for the determination of methionine present 
as a contaminant in preparations of natural leucine, has been reported by 
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methionine according to analysis by the following procedure. 
A 750 mg. sample of the leucine, 35 ml. of water, and 5 ml. of 
Benedict’s sulfur reagent (18) were placed in a 200 ml., long 
necked, round bottomed flask. The mixture was heated with a 
small flame until, after an hour, a dry residue resulted. The latter 
was heated intensely until all of the organic material was decom- 
posed. 10 ml. of 1 n hydrochloric acid were added to the cooled, 
fused mass. The suspension was heated to boiling, cooled, and 
filtered. 10 ml. of 1 N barium chloride solution were added to 
the filtrate, the mixture was stirred, and the precipitate of barium 
sulfate was allowed to settle for 24 hours or was centrifuged. 
The reagents, as well as solutions of c.p. potassium sulfate con- 
taining sulfur equivalent to 0.01, 0.03, 0.04, and 0.05 per cent of 
methionine in a 750 mg. sample of leucine, were subjected simul- 
taneously to the treatment accorded the leucine. The volumes of 
the barium sulfate precipitates were compared visually and the 
percentage of methionine in the leucine estimated from these data. 
Since Painter and Franke (19) have shown that only about 40 
per cent of the sulfur in methionine is recovered as barium sulfate 
by the Benedict-Denis procedure, the value for methionine was 
multiplied by 2.5 to obtain the true methionine content of the 
leucine.® 

That analyses of the indicated precision may be made by this 
procedure has been substantiated by five persons working inde- 
pendently in this laboratory. It was shown, also, in experiments 
with dl-leucine and dl-methionine that 0.016 per cent methionine 
is the least amount of this amino acid in 750 mg. of leucine which 
can be determined as barium sulfate by the visual method. 

The accuracy of the authors’ value for the percentage of methio- 
nine in purified natural leucine was confirmed by Callan and Toen- 
nies (20)'° who independently analyzed the leucine." 


Kolb and Toennies (17). Methionine was determined with an accuracy 
of +0.1 per cent in mixtures of amino acids and 0.5 per cent in tissues by 
iodometric determination of the hydrogen peroxide consumed in the oxida- 
tion of methionine to the sulfoxide. 

®° A factor to correct for the loss of sulfur is not required if pure dl- 
methionine, rather than potassium sulfate, is used as the standard. 

1° Toennies, G., and Callan, T. P., Lankenau Hospital Research Insti- 
tute, Philadelphia, private communication, September, 1940. 

t Amino Acid Manufactures’ 1(—)-leucine, Lot No. 4, analytically pure 
grade. 
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Equivalent Weight*—The equivalent weight, determined by 
formol titration with the glass electrode and the method described 
by Dunn and Loshakoff (22), was 99.7 + 0.08 per cent of the 
theoretical value. Samples of the purified leucine weighing 
0.3881 and 0.3882 gm. were titrated with 0.3288 N sodium hy- 
droxide in the presence of 32 ml. of carbon dioxide-free distilled 
water and 18 ml. of formaldehyde (J. T. Baker Chemical Com- 
pany, c.P. analyzed, 35 to 40 per cent by weight). The formalde- 
hyde, which had been nearly neutralized with base, was titrated 
with standard base with the glass electrode. A correction factor 
for the base consumed by the formaldehyde was calculated from 
the titration data. 

Solubility—The solubility was found to be 2.19 + 0.01 gm. 
per 100 gm. of water at 25.10°. Determinations were made with 
110 ml. oil sample bottles and the procedure described by Dunn, 
Ross, and Read (23). It was assumed that equilibrium had been 
attained after the leucine samples had been rotated continuously 
for 4 days in a thermostat at 25.10 + 0.03°. The gm. of leucine 
in 9.89 gm. of solution were shown to be 0.2155, 0.2153 (0.2154, 
average), cold side, with 2.2 gm. of solute per 50 ml. of solution; 
0.2139, 0.2142 (0.21405, average), hot side, with 2.2 gm. of solute 
per 50 ml. of solution; 0.2134, 0.2136 (0.2135, average), cold 
side, with 4.4 gm. of solute per 50 ml. of solution; 0.2131, 0.2135 
(0.2133, average), hot side, with 4.4 gm. of solute per 50 ml. of 
solution. 

Specific Rotation— A 0.01° Schmidt and Haensch polarimeter was 
used to determine optical rotations. A 4 dm. water-jacketed polar- 
imeter tube, which could be filled through a side opening without 
disturbing the setting of the end plates, was used for all determina- 
tions. Under these conditions observed rotations reproducible 
to 0.003° could be determined by an experienced worker. All 
solutions were prepared in a thermostat at 25.0°. The specifie 
rotation data are given below. 

la = ° = q = Bang = +15.21° (+15.20°, average of four determi- 

0.5654 & 4.000 
nations with a probable error of 0.04°) in 6.08 N hydrochloric acid. 


12 That neutral aliphatic a-amino acids may be analyzed with high pre- 
cision and accuracy by the formol method was corroborated by Toennies 
and Callan (21) who used a perchloric acid titration procedure. 




















M. P. Stoddard and M. 8. Dunn 337 


—0.865 X 26.206 
. = - = —10.58° (—10.57°, average of five determi- 
0.5354 X 4.000 


[al>* = 


nations with a probable error of 0.04°) in distilled water. 


No significant differences were noted in the values obtained with 
ordinary distilled water heated to boiling and that boiled for 2 
hours. 

The specific rotations of a sample of l(—)-leucine purified by a 
different method were found to be identical, within experimental 
error, with the values (given above) measured under the same 
conditions. ‘The purification procedure and specific rotation data 
are given below. 

Residues weighing 100 gm. from the purification of 1(—)-leucine 
by the hydrochloric acid method were converted to the nasylate 
by treatment with napbthalene-6-sulfonic acid by the method of 
Bergmann and Stein (9). The nasylate was recrystallized three 
times from water and decomposed with ammonium hydroxide. 
The specific rotation of the resulting /(—)leucine twice recrystal- 
lized from water is as follows: 


fal?" +1.367 X 26.293 
me? 0.5904 X 4.000 
tions with a probable error of 0.04°) in 6.08 N hydrochloric acid. 
—O0.871 X 26.206 ‘ 4 
= = —10.58° (—10.59°, average of six determina- 
0.5395 & 4.000 


tions with a probable error of 0.06°) in distilled water. 


= +15.22° (+15.19°, average of two determina- 
[ 6 pean 
alp = 


The equivalent weight obtained by formol titration of this ma- 
terial, as well as that of the once recrystallized 1(—)-leucine, was 
about 1 per cent higher than the theoretical amount. A satis- 
factory explanation of this result cannot be given. This purified 
l(—)-leucine contained less than 0.1 per cent methionine. 


DISCUSSION 


It would appear from the experimental findings that 0.05 per 
cent of moisture, ash, and inorganic constituents, 0.10 per cent of 
methionine, and 0.5 per cent of amino acids other than leucine are 
the maximum amounts of these impurities which could be present 
in the leucine. It is apparent, however, that the determination of 
amino acid impurities, other than methionine, is subject to the 
shortcoming that it is difficult to determine with high precision 
the equivalent weight of leucine, which is a relatively weak acid 
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even in the presence of formaldehyde. Furthermore, the presence 
of isoleucine would not be detected by the formol titration pro- 
cedure. Because of the tendency of /(—)-leucine to form mixed 
crystals with 1(+)-isoleucine (11) and /(—)-methionine, it is not 
impossible that appreciable quantities of these amino acids may 
have escaped dissolution in the solubility experiments. It may 
be true, therefore, that the concordance of the solubility data 
when small and large excesses of solute are used may not be a 
dependable criterion of purity of the leucine. 

It seems highly probable, however, that the purity of the present 
sample of leucine is higher than that of other preparations of this 
amino acid.“ From a consideration of (a) the experimental ob- 
servation that the specific rotation of crude leucine in 6 N acid is 


TABLE I 


Approximate Specific Rotations of Certain Amino Acids 





[«]? 
Amino acid = 
6n HCl HO 
= degrees degrees 
1(+)-Isoleucine...... + a +40 +11 
l(+-)-Valine............. i sa +29 +6 
l(—)-Methionine......... ee 22 —s 
l(—)-Phenylalanine —7 —35 
l(—)-Leucine.... : loses +15 —10 


decreased from about +20° to +15°, and in water from about 
—7° to —11° by fractional crystallization of its hydrochloride, 
nasylate, or formyl derivative, and (b) the approximate specific 
rotations of the amino acids listed in Table I, it would seem reason- 
able to conclude that not more than traces of these amino acids, 
with which crude natural leucine is commonly contaminated, 
could be present in the purified leucine. 

It is significant, also, that with the exceptions noted the authors’ 


18 According to experiments performed by E. A. Murphy in this labo- 
ratory, natural l(—)-leucine purified by the procedure of Fox (8) contained 
less than 0.004 per cent of sulfur. If these results alone are considered, 
leucine purified in this manner is somewhat more pure than that prepared 
by the method described in this paper. 
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TABLE II 


Specific Rotations of l(—)-Leucine* 
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Tem- 

Solvent pera- 

ture 

» 2 
4 wn HCl 16 
lc a 20 
Mate ce 20 
Se 16 
Ear. & 15 
oo 20 
0 “ce cc 20 

_ tek Phe. 20.2 
6 Ok 25 
wie k « 23 
— 20 
~~ = 20 
eo 20 
ae es 20 
ee 20 
eo 20 
egies 20 
ath Neti 20 
se sé 25 
a = 20 
= 25 
ii “ oe 
ol 24 
_ Mbesititlaic | 22 

os“ “ | 95.0 
wu 1a 
ater 20 
zs | 20 
wi 20 
- 20 
= | 20 

ee | 21.2 
“ 20 
= | 30 

- 25.0 


a (observed 
optical 
rotation) 


degrees 


+2.06 
+1.96 


+0.71 
+1.54 
+2.09 
+2. 26 


+0.81 
+1.27 


+1.26 
+1.57 
+1.2! 


+0.62 


+1.213 
+1.320 
+0.59 
—0.06 


—0.40 





—0.46 
—0.46 








—0.841 
—0.24 











CAO we) 
degrees degrees 
+18.9 +19.4 | 24 
+19.05 | +19.34| 11 
+18.5 +18.8 | 25 
+17.8 +18.4 | 24 
+17.75 | +18.38 | 26 
+18.00 | +18.32 | 27 
+17.67 | +17.99 | 25 
+17.54 | +17.84 | 28 
+16.6 +16.6 | 7 
+16.5t | +16.6 | 30 
+16.0 +16.4 | 31 
+15.9t | +16.2 | 29 
+15.77 | +16.09 | 32, 33 
+15.7 +16.0 | 34 
+15.64 | +15.96 | 32, 33 
+15.59§ | +15.91 | 35 
+15.53 | +15.85 | 32, 33 
+15.51 | +15.83 | 36 
+15.8 +15.8 | 7 
+15.46 | +15.78 | 32, 33 
+15.7 +15.7 | 7 
+15.3 +15.4 | 30 
+15.33 | +15.39 | 9 
+15.1 +15.3 | | 
+15.21 | +15.21 | This paper 
+13.59 | +13.8 | 37 
—1.759| —1.4 | 11 
—7.2 —6.8 | 31 
—10.1 —9.75 | 32, 33 
—10.35 | —10.0 | 32, 33 
—10.42 | —10.07 | 32, 33 
-10.5 | —10.2 | J 
| —10.8 | —10.5 | 32, 33 
| —10.35 | —10.71 | 12 
—10.58 | —10.58 


—0.865 | 





This paper 


* All preparations of leucine were isolated from protein sources with the 
exceptions noted. 
t The /(—)-leucine was prepared by resolution of formyl-dl-leucine by 


the method of Fischer and Warburg (29). 
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Tasie I1—Concluded 

t The /(—)-leucine was prepared by resolution of formy]-dl-leucine with 
brucine; the dl-leucine was prepared by racemization of natural leucine and 
by synthesis from isovaleraldehyde but it was not stated which type of 
dl-leucine was resolved. 

§ The /(—)-leucine was prepared by resolution of benzoyl-dl-leucine 
with quinidine; however, it was not stated whether racemized or synthetic 
dl-leucine was resolved. 

|| Stoddard, M. P., and Dunn, M. 8., unpublished data. 

{ The specific rotation is abnormally low and presumably erroneous. 


purified leucine exhibits a negative specific rotation in water which 
is definitely larger, and a positive specific rotation in acid which is 
definitely smaller, than the values reported in the literature (Table 
II) for other preparations of this amino acid. The coefficients 
employed in calculating the specific rotations at 25°, corresponding 
to the values in the literature, at other temperatures, were derived 
by the present authors in unpublished experiments. For the 
temperature range 15-25°, the coefficient for water is +0.072 and 
the coefficients for hydrochloric acid are +0.045 (12 nN), +0.058 
(7 x), +0.063 (6 x), +0.070 (5 nN), +0.076 (4 x), +0.084 (3 ), 
+0.092 (2 n), and +0.11 (1 N). It was determined that the 
coefficients are altered insignificantly by variations in the con- 
centration of /(—)-leucine ranging from 0.26 to 4.69 gm. per 100 
ml. of 4.5 N hydrochloric acid solution and from 2 to 4 gm. per 
100 ml. of 0.38 N hydrochloric acid solution. 

It may be seen from the solubility data given in Table III that 
the values at 25° given in the literature are from about 0.5 to 
12 per cent higher than the figure 2.19, obtained by the present 
authors. Solubilities at other temperatures, except in two cases, 
appear also to be too high and to deviate even further from the 
true values. These observations point significantly to the high 
purity of the authors’ 1(—)-leucine. In the investigations of 
Hlynka (46), which strengthen this view, it was found that the 
solubility of /(—)-leucine is 2.20 gm. per 100 gm. of water at 25°. 
The material employed in making this measurement was purified 
by S. W. Fox by fractional crystallization of the formyl derivative. 
The identical solubility was found, also, for the d(+)-leucine ob- 
tained by resolution of synthetic di-leucine. 

It may be concluded, from a consideration of the figures given in 
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Tables II and III, that a sample of relatively impure l(—)-leucine 
may be shown to be impure either by solubility or specific rotation 
data. On the other hand, as shown by the values reported 
by Takahashi and Yaginuma (12), attainment of the correct 


TaBLe III 
Solubility of l(—)-Leucine in Water 


| Solubility per 100 | | | Solubility per 100 
Tempera- So | graphic | Temper-| anual Bibliographic 
ture ae reference | ature Rp mm er : reference No. 
Observed ita No. | eee | aa | 
¢, gm. gm *( gm. gm 
0.0 2.21 2.12 12 19 | 2.18 | 2.17 | 41 
0 2.27¢ | 2.12 34 | 19.5 | 2.24 | 2.17 | 42 
5 2.28¢ | 2.13 34 | 20 | 2.22 | 2.17 | 32,33 
10 2.30t | 2.14 34 | 2 | 2.29 | 2.17 | 32,33 
13 2.44 | 2.15 39 | 20 | 2.37t| 2.17 | 34 
14.5 2.35 2.16 40 21 2.27 2.17 | 44 
15 2.33t | 2.16 34 22 2.44 2.18 | 45 
16 2.41 2.16 41 25.0 | 2.28 | 2.19 | 12 
16.5 2.53 2.16 24 25 2.47 | 2.19 7 
17 2.22 | 2.16 42 25 2.29¢ | 2.19 | 7 
17.5 2.61 2.16 43 25 2.43¢ | 2.19 | 34 
is 2.16 2.17 42 25 2.42§ | 2.19 | 26 
18.5 1.99 | 2.17 1 25 2.20 | 2.19 | 46 
19 2.24 2.17 42 25.1 | 2.19 | 2.19 | This paper 
19.0 2.27 2.17 12 


* Estimated on the basis of the present authors’ value at 25.1° and the 
data given by Takahashi and Yaginuma (38). 

t The specific rotation, [a]Jp = +15.7° or [a]p = +16.0° in 6 n HCl, 
indicates that this product was somewhat impure. 

t The specific rotation, [a]> = +15.7° in 6 N HCl, indicates that this 
product was somewhat impure. 

§ The specific rotation, [a]p +17.75° or [a]> = +18.4° in 6 N HCl, 
indicates that this product was impure. Solubility was determined at the 
isoelectric point. 


specific rotation does not constitute proof that a given sample of 
l(—)-leucine is analytically pure. It would seem advisable for 
all naturally occurring amino acids, and perhaps obligatory in 
the case of leucine, that satisfactory analyses both of solubility 
and of specific rotation in water and acid be obtained before con- 
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cluding that the amino acid is analytically pure. In view of the 
difficulty, if not impossibility, of obtaining proof of absolute purity 
of such an amino acid, it may be recommended in cases in which 
even traces of impurities may be objectionable that additional 
analyses of the types described in the present paper be made if 
the purity of the amino acid is to be established with minimum 
uncertainty. On the other hand, it may be found that correct 
solubility values obtained under conditions such as those de- 
scribed herewith may be sufficient evidence of the analytical 
purity of a natural amino acid; however, this assumption has not 
been verified by experiment. 





SUMMARY 


It has been shown that /(—)-leucine of high purity may be pre- 
pared by recrystallization of crude natural leucine, as the mono- 
hydrochloride, from hydrochloric acid. The solubility of 1(—)- 
leucine in water at 25.10° + 0.03° is 2.19 + 0.01 gm. per 100 
gm. of water. The specific rotation of /(—)-leucine (c¢ 2, ¢ 25°, 
l 4, and \ 5893 A) is +15.20° + 0.04° in 6 N hydrochloric acid and 
—10.57° + 0.04° in water. 
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THE SYNTHESIS OF SOME METHYLATED FATTY ACIDS 
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Anderson and his associates have isolated a group of saturated, 
liquid fatty acids from the lipid fraction of tubercle bacilli and 
other acid-fast bacteria (1). The most interesting of the series is 
phthioie acid, which, injected into normal animals, stimulates cell 
proliferation with the formation of tubercular tissue. Tubercu- 
lostearic acid (CygH3s02) is an innocuous substance with which it 
occurs and has been shown by Spielman (2) to be 10-methyl- 
stearic acid. 

The structure of phthioic acid is still unknown. On the basis 
of a careful determination of the empirical formula (C2gHs20-2) 
and a number of degradation experiments Spielman and Anderson 
(3) expressed the opinion that the molecule is formed from a long 
chain of about 22 carbon atoms with the remaining carbon atoms 
distributed laterally as methyl groups. To account for the high 
molecular rotation, one methyl group was believed to be in the 
a position and the others farther down the chain. The concept 
of phthioic acid as a methylated fatty acid was derived more from 
analogy with tuberculostearic acid than from concrete evidence. 

Recently, Stenhagen and Stillberg (4), from a study of purely 
physical measurements, developed a strong case for a radically 
different formula; viz., a trisubstituted acetic acid bearing one 
short chain and two long ones of unequal length. They present a 
thorough review of the pertinent facts which need not be repeated 
here. It suffices to say that the chemical evidence of Spielman 
and Anderson is fairly consistent with the new formula except for 
the isolation, as an oxidation product, of a steam-volatile Cy 


* Wisconsin Alumni Research Fellow, 1938-40; Eastman Kodak Fellow, 
1940-41. 
t Present address, Abbott Laboratories, North Chicago, Illinois. 
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acid not identical with n-undecoiec acid. The European authors 
suggest that this may have been a mixture of two or more acids. 
More serious is the identification by Wagner-Jauregg (5) of azelaic 
acid among the oxidation products. The facts become reconcil- 
able, however, if the Stenhagen and Stillberg formula is modified 
so that at least one of the long chains is methylated or otherwise 
branched. 

It is not likely that the problem will soon be solved by methods 
of degradation, and the synthetic approach offers the promptest 
returns. To determine the effect of methyl groups upon the 
physical and physiological properties of higher fatty acids we have 
synthesized several members of two series. The first series con- 
sists of a-methyl acids with even numbers of carbon atoms in the 
fundamental chain from a-methylstearic acid through a-methy]- 
hexacosanoic acid. The second series consists of 10-methyldoco- 
sanoic, 10-methyltetracosanoic, and 10-methylhexacosanoic acids. 


Synthetic Methods 


Synthetic work in the field of higher fatty acids involves the 
lengthening of carbon chains, for only those chains of 18 or less 
carbon atoms are readily obtained. Methods now available 
suffer from either of two faults; they are too slow and laborious 
(malonic ester syntheses) or give too small yields as in the Robin- 
son synthesis (6). A simple and rapid method of producing long 
chains in quantity would be of value. Several procedures were 
studied; one proved acceptable; two others were of but passing 
interest. 

In an attempt to obtain long chain alcohols as starting materials, 
Kuhn’s work (7) on the polymerization of crotonaldehyde was 
extended. Morpholine acetate added to redistilled crotonalde- 
hyde gave a reddish brown syrupy mixture of polymers which 
hydrogenated readily over Raney’s nickel. From the reduced 
product only n-octyl and lauryl alcohols could be profitably 
obtained. 


CH,;CH=CHCHO — CH;(CH=CH),CHO — CH;(CH,CH,),CH,OH 


A second procedure studied was the synthesis of cyclohexenes, 
their oxidation to ketonic acids, and reduction to the corresponding 
fatty acids for later conversion to alkyl halides. The model used 
was 1-dodecylcyclohexene in the accompanying scheme. 
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OH 
CH;(CH,) ;MgBr + vx ata Bony yy 0) —C Ho; — 


CiHy»CO(CH,) «COOH — CyHsxCOOH 


The alkyleyclohexene was prepared in 43 per cent yield, and 
oxidation with chromic acid gave 43 per cent of 6-ketostearic acid. 
Alkaline potassium permanganate oxidation led to 23 per cent 
yields. The ketonic acid was reduced quantitatively by the Clem- 
mensen procedure. This method lengthened the chain by 6 car- 
bon atoms with an over-all yield of about 18 per cent. 

A third and most successful means was based upon the work of 
Blaise and Kochler (8) and others (2,9). We were able to obtain 


RZnCl + CICO(CH,) sCOOC,H; — RCO(CH,) sCOOC,H; 


10-ketodocosanoic acid and 10-ketotetracosanoic acid in 62 per 
cent yield of recrystallized acid. The reagents were readily pre- 
pared. and purification of the product was easy. Reduction to 
the saturated acids according to the conventional Clemmensen 
procedure was slow and incomplete, but a slight modification in 
which the ketonic acid and amalgamated zine were refluxed in dzy 
ethanol saturated with hydrogen chloride gave 85 to 88 per cent 
yields after 36 hours boiling. The acids (as esters) were hydro- 
genated to alcohols and converted to alkyl halides by the usual 
means. 

Five a-methyl acids were prepared by using ethyl methyl- 
malonate and alkyl iodides 

CH,CH(COOC,Hs). + RE — RC(CH;)(COOC,Hs). — RCH(CH;)COOH 

Three 10-methyl acids were synthesized by the-action of Gri- 
gnard’s reagents on ethyl 10-ketoundecanoate, followed by de- 
hydration and hydrogenation. 





CH, 
hydrolysi 
RMgBr + CH,CO(CH,);COOC,H, > RC(CH;)s;COOC;Hs — > 
| dehydration 
OH 


CHs CH; 


| H 
RC=CH (CH,);COOH —- RCH(CH,),;COOH 
1 
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The use of keto esters was found to be superior to the barium 
salt, method employed in the synthesis of tuberculostearic acid (2). 


TABLE | 
Physical Constants of Methylated Acids 

















Calculated Found 
Acid M.p. Formula | Neu- Neu- 
. tral : tral 
‘ H equiv- ‘ H equiv- 
alent alent 
ss per per per per 
; cent cent cent | cent 
2-Methylstearic 54.5 CioH3sO2 [76.5)12.8)298 6/76 .6)13.1/300.7 
2-Methyleicosanoic 61.5-62.0 | CaH gO, |77.2)13 0\326.6.77 0113 2)327 .3 
4 ed hed ~ ‘ Ss . le al ‘_-- | -—— 
2-Methyldocosanoic | 67.0-67.5 | CosHywO, |77.9)13.1)354.6/77 .8)12.9)357.9 
2-Methyltetraco- | 
sanoic 72.0-72.5 | CosHyoO. |78.5)13.2/382.6/78 5/13. 1/385.4 
2-Methylhexaco- | } 
sanoic 5.5-76.0 | CoxH,O-. (79.0/13.3/410.7/78.9/13.2/411.1 


10-Methyldocosanoic 45.5-46.0 | Co;H yO. 77.9113. 11354.6177 9113. 11355.4 
| | 


10-Methyltetraco- 


sanoic 51.0 CosH 590. |78.5)13. 2/382 .6)78 . 1/12. 9/379.8 
10-Methylhexaco- | | 
sanoic 54.0-55.0 | CozH yO. (79.0/13.3)410.7/79.0)/13.2.414 


TABLE II 


Physical Constants of Amides 


M.p Formula —— N, found 

Cc per cent per cent 
2-Methylstearamide 104.5 Cy 9HygNO 1.71 1.90 
2-Methyleicosanamide 108.0 CyHgyNO 1.31 1.36 
2-Methyldocosanamide 109 -109.5 | CyHyNO 3.96 4.17 
2-Methyltetracosanamide 111.5 C,H, NO 3.68 3.67 
2-Methylhexacosanamide 113.0 Cy7HyyNO 3.41 3.34 
10-Methyldocosanamide 78 78.5 | CosHyNO 3.96 1.04 
10-Methyltetracosanamide 79.0- 79.5  CosHsNO 3.68 3.77 
10-Methylhexacosanamide 81 81.5 CoHsNO 3.41 3.43 


Yields of crude hydroxy acid were 40 to 50 per cent, but after 
exhaustive purification this was frequently reduced to 10 to 15 
per cent. The most persistent impurity, unchanged 10-keto- 
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undecanoic acid, was best removed by distillation from the crude 
mixture after dehydration. Neutral fractions were removed by 
extraction of the potassium salt. Hydrogenation of the un- 
saturated acid was equally effective with platinum or Raney’s 
nickel catalysts. 

The physical constants of the acids prepared are given in Table 
I, and the amides of each in Table II. The a-methy] acids crystal- 
lize as small, white platelets, melting about 15° lower than the 
corresponding normal acids. They are very soluble in ether, 
ethyl acetate, benzene, and acetic acid, less so in acetone, petro- 
leum ether (b.p. 60-68°), and ethyl aleohol. The amides form 
fine, hard, white crystals melting about 40—50° higher than the 
corresponding acids. The 10-methyl acids are a microcrystalline 
white powder from acetone and small shiny crystals from acetone- 
carbon tetrachloride, melting about 35° lower than the straight 
chain acids. The solubility in all solvents is slightly greater than 
for the a-methyl acids. 

Of the acids prepared, only a-methylstearic acid has been pre- 
viously recorded. It was synthesized by Morgan and Holmes 
(10) from a-bromostearic acid and methyl magnesium iodide. 
The recorded melting point of 58° is slightly higher than ours and 
not on the smooth curve formed by plotting the melting points of 
the other four acids. 

The physiological properties of the acids will be studied in 
another laboratory. The chemical work is not being continued 


by us. 
EXPERIMENTAL 


1-Dodecyleycloherene—A Grignard reagent was prepared under 
an atmosphere of nitrogen from 5.75 gm. of magnesium and 59 
gm. of dodecyl bromide in 150 ce. of dry ether. A solution of 
23.5 gm. of cyclohexanone in 50 cc. of ether was slowly added at 
room temperature; the mixture was refluxed gently for 30 minutes, 
and allowed to stand overnight. It was decomposed with dilute 
sulfuric acid and ice, and washed with dilute sulfurie acid, then 
with water. After removal of the ether, the residue was steam- 
distilled. The remaining oil was separated, and dehydrated by 
heating with 30 gm. of powdered anhydrous zine chloride on a 
steam bath for 2 hours. Water was added, and the hydrocarbon 
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was extracted with ether, washed twice with water, and dried 
over anhydrous sodium sulfate. Distillation gave 25.6 gm. or 43 
per cent of theory; b.p. 140-143° at 1.5 mm.; n® = 1.4648. 


Analysis—C,sHs, (250). Caleulated. C 86.3, H 13.7 
Found. “as, " aon 


6-Ketostearic Acid (Lactarinic Acid)—The best of numerous 
runs made with chromic acid and potassium permanganate under 
varying conditions was the following. 5 gm. of chromic acid 
dissolved in 20 cc. of equal parts of acetic acid and water were 
added to 3.5 gm. of 1-dodecyleyclohexene in 80 cc. of 90 per cent 
acetic acid, and the mixture was warmed to 90° on a steam bath, 
taken off, and stirred vigorously for 2 hours. The solution was 
then poured into 600 cc. of cold water and filtered with suction. 
The solid was crystallized from absolute ethyl alcohol to give 1.8 
gm. (43 per cent) of a powder faintly tinted with green, m.p. 83°. 
Recrystallization from ethyl alcohol and then from acetone gave 
shiny white flakes melting at 86.5-87° (11). A Clemmensen 
reduction yielded stearic acid, m.p. 68.5-69°. 

10-Ketodocosanoic Acid—A Grignard reagent was prepared from 
0.72 gm. of magnesium and 7.5 gm. of dodecyl bromide in 50 ce. 
of dry ether in a 500 cc. flask fitted with the usual equipment and 
an inlet through which nitrogen was continuously passed. To the 
reagent were added 4.1 gm. of freshly fused zine chloride dissolved 
in 12 ce. of ether. After the mixture was refluxed for 30 minutes, 
60 cc. of sodium-dried benzene were added to dissolve the white 
precipitate of dodecyl zine chloride. With continuous stirring 
and refluxing, 6.0 gm. of w-carbethoxynonoy! chloride (prepared 
from ethyl hydrogen sebacate and thiony! chloride in 90 per cent 
yield (12)) dissolved in 50 ce. of dry benzene were slowly added. 
The reaction mixture was refluxed for another 2 hours, decomposed 
with dilute hydrochloric acid, and washed with dilute ammonium 
chloride solution, water, dilute sodium carbonate, and water. 
After removal of the solvent the syrupy residue was saponified. 
The crystalline sodium salt was very insoluble in both cold water 
and cold benzene, and was purified by thorough extraction with 
each. The filtered salt was digested with dilute hydrochloric 
acid, and the free acid crystallized from acetone-petroleum ether 
(b.p. 60-68°) to give 5.3 gm. of light, shiny crystals. This is 62 
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per cent of theory. After one more crystallization the melting 
point was 91.5°. 


Analysis—C.H4,O; (354.6) 
Calculated. C 74.5, H 12.0, neutral equivalent 354.6 
Found. sas) ” 356.6 


n-Docosanoic Acid—Dry hydrogen chloride was passed into 100 
ec. of 99.5 per cent ethyl alcohol until it was nearly saturated, and 
then 50 gm. of amalgamated zine and 5 gm. of 10-ketodocosanoic 
acid were added and the mixture was gently refluxed for 16 hours. 
More hydrogen chloride was passed in and refluxing was con- 
tinued for 20 hours. The solution was then poured into excess 
aqueous potassium hydroxide and refluxed 2 hours. A heavy 
white precipitate was removed from the cooled solution by filtra- 
tion. The acid was liberated from the precipitate by prolonged 
digestion with dilute hydrochloric acid, and dissolved in hot 
petroleum ether (b.p. 100-140°). The hot solution was filtered 
and allowed to cool, to give 4.2 gm. (88 per cent) of fine white 
plates melting at 79-80.5° (13). There was no depression in 
melting point when the product was mixed with n-docosanoic acid 
obtained from natural sources. 

10-Ketotetracosanoic Acid—This was prepared from tetradecyl 
magnesium bromide by exactly the same procedure in the same 
yield. The crystals melted at 94-94.5° after crystallization from 
petroleum ether (b.p. 60-68°). 


to 


‘ 
‘ 


~ 


Analysis—Co,H yO; (382.6). Calculated. C 75.3, H 1 
75 | 


3, Jj 
Found. $5, “ 13.1 


t 


n-Tetracosanoic Acid—This was made from 10-ketotetraco- 
sanoic acid in the same manner as n-docosanoic acid. It melted 
at 82.5-83.5° (13) and was identical with a sample obtained by the 
malonic ester synthesis. 

a-Methyl Acids— These were all synthesized in the same manner. 
The alkyl iodides were prepared from the alcohols by the general 
method of refluxing the alcohol with iodine and red phosphorus 
(14). The alcohols in turn were obtained by reduction of the 
corresponding esters. 

The procedure for a-methylstearic acid is representative. 13 
gm. of diethyl methylmalonate (15) were added to the product of 
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reaction between 1.4 gm. of clean sodium and 30 cc. of dry n-buta- 
nol. The solution was warmed for 10 minutes, and 10.3 gm. of 
cetyl iodide were added. The mixture was refluxed for 3} hours, 
cooled, and ether and water added. The ether layer was washed 
with water, very dilute sodium thiosulfate (an emulsion readily 
forms), and finally water again. The ether was removed and the 
residue saponified. The dicarboxylic acid obtained after acidifica- 
tion was heated under 10 mm. pressure to 150-180° for 3 hours. 
The straw-colored residue weighed 7.6 gm. (88 per cent of theory) 
and melted at 53.5-55°. Two crystallizations from petroleum 
ether (b.p. 60-68°) gave fine white flakes melting at 54.5°. 

The acids were crystallized from petroleum ether, or acetone- 
petroleum ether. The yields of crude acid after decarboxylation 
were 81 to 88 per cent of theory. After one crystallization the 
yields were 69 to 75 per cent. Amides were prepared in about 50 
per cent yield by refluxing with thionyl chloride and pouring into 
cold concentrated ammonia. They were crystallized two or three 
times from methyl! alcohol. 

10-Ketoundecanoic Acid—This was prepared from methyl zine 
iodide and w-carbethoxynonoyl chloride in essentially the same 
way as that used by Ruzicka and Stoll (12). In a large number of 
attempts our best yield of acid was 43 per cent, but the average 
was 30 per cent. The yield of crude ester was higher, 40 to 55 
per cent, but upon saponification much sebacic acid was invariably 
obtained. The acid was readily reconverted to the ethyl ester 
boiling at 153-154° at 6 mm.; n?> = 1.4384. 

10-Methyl Actds—The method found to be of most value was the 
following. A Grignard reagent was prepared from 1.37 gm. of 
magnesium and 15.8 gm. of tetradecyl bromide in 100 ec. of dry 
ether under an atmosphere of nitrogen. The condenser outlet 
was then corked, the separatory funnel stem pushed to the bottom 
of the flask, and the stop-cock opened so that the nitrogen pressure 
forced the solution into the funnel. The flask was rinsed with 20 
ec. of ether added through the condenser and forced into the funnel. 
10 gm. of ethyl 10-ketoundecanoate in 100 cc. of ether were placed 
in the flask, maintained at 23°, and the Grignard reagent was 
slowly added (1 hour). The mixture was stirred at 25° for 3 hours, 
then refluxed for 2 hours more, and allowed to stand overnight. 

After decomposition with dilute hydrochloric acid, and washing 
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with water, dilute sodium carbonate solution, and water, the ether 
was removed and the residue saponified. An insoluble top layer 
of n-octacosane resulting from coupling was removed from the 
alkaline solution. The solution was acidified, and the acid ob- 
tained was heated to 180-210° with a trace of iodine, to eliminate 
about 3 ec. of water. The residue was distilled under reduced 
pressure. A fraction boiling below 165° at 1 mm. was collected, 
and then 1.1 gm. at 166-170° at 1 mm. This fraction melted at 
57.5° after crystallization from petroleum ether. (10-Ketoun- 
decanoic acid boils at 166-167° at 1 mm. (16) and melts at 58.5- 
59.5°.) The undistilled portion of 12.4 gm. was dissolved in ether 
and extracted with aqueous potassium hydroxide. This removed 
2.5 gm. of a waxy neutral fraction. The remaining acid was 
treated with norit, dissolved in 75 ec. of 99 per cent ethyl alcohol, 
and hydrogenated over 2 gm. of Raney’s nickel catalyst at 175° 
under a pressure of 160 atmospheres of hydrogen. The solution 
was filtered, saponified, and the acid obtained in the usual manner. 
A yield of 5.71 gm. of acid after crystallization from acetone melted 
at 49.5-51°. This was a yield of 34 per cent. Two recrystalliza- 
tions from acetone gave a fine white powder melting at 51-51.5°. 

The other acids were obtained in a similar manner. Amides 
were prepared in slightly poorer yields than with the a-methyl 
acids, and crystallized from acetone or methy] alcohol. 


SUMMARY 


A method has been developed for the synthesis of higher fatty 
acids. 

The a-methyl acids with even-numbered fundamental carbon 
chains from a-methylstearic to a-methylhexacosanoic acid have 
been synthesized. 10-Methyldocosanoic, 10-methyltetracosanoic, 
and 10-methylhexacosanoic acids were also made. The corre- 
sponding amides were prepared as derivatives. 
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STARCH PHOSPHORYLASE OF POTATO 


By D. E. GREEN* anp P. K. STUMPF 
(From the Department of Biological Chemistry, Harvard Medical School, 
Boston) 


(Received for publication, October 10, 1941) 


Cori and his colleagues (1-6) discovered and elucidated the 
series of reversible chemical reactions by which glucose is trans- 
formed into glycogen in animal tissues. These reactions are 
catalyzed by a group of enzymes, the most fundamental of which is 
phosphorylase, the enzyme which catalyzes the condensation of 
glucose-l-phosphate (Cori ester) to starch or glycogen. The 
properties of phosphorylase from animal sources have been system- 
atically investigated by Cori et al. (1-5), while Hanes (7, 8) dis- 
covered a similar enzyme in extracts from pea and potato, and 
made a thorough study of the crude potato enzyme. The present 
investigation deals with the preparation and some of the character- 
istics of purified potato phosphorylase. 


Method of Testing and Preparation 


1 unit of phosphorylase activity has been defined as the amount 
of enzyme which catalyzes the liberation of 0.1 mg. of inorganic 
phosphate from glucose-1-phosphate in 3 minutes at 38° and pH 6.0. 
The test mixture consisted of 5 to 10 units of enzyme, 0.5 cc. of 
0.5 mM citrate buffer of pH 6.0, 0.2 ec. of 5 per cent soluble starch, 
and | ec. of 0.1 m glucose-1-phosphate, the final volume being 3.5cc. 
The glucose-1-phosphate was added to the rest of the mixture after 
temperature equilibration. The reaction was stopped at some 
convenient time (5 to 10 minutes) by addition of 5 ec. of 5 per cent 
trichloroacetic acid and 2 cc. of 2.5 per cent ammonium molybdate! 


* Beit Memorial Research Fellow. 

' When ammonium molybdate reagent was added according to the Fiske 
and Subbarow phosphate procedure, our test solutions always became 
turbid and made accurate colorimetric readings impossible. Addition of 
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in 5 N sulfuric acid. The mixture was diluted to 25 cc. with water, 
and an aliquot of the filtrate was analyzed by the method of Fiske 
and Subbarow (9). Fig. 1 shows that under the above experi- 
mental conditions the activity is directly proportional to the con- 
centration of the enzyme. 

The crystalline dipotassium salt of glucose-1-phosphate was pre- 
pared according to the method of Hanes (8). The a, of the prep- 
aration was +77° (+78° according to Hanes (8)). The ester con- 
tained no inorganic P and 8.8 per cent of esterified P which was 
completely hydrolyzable in 5 minutes in nN HCl at 100°. 
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Fic. 1. Variation of activity with concentration of enzyme 


The ratio (¢ 280 myu)/(enzyme units) which we shall refer to as 
the activity ratio (10) was used as an index of the purity level of 
the enzyme throughout the purification procedure. 

Potato phosphorylase was prepared as follows: 4.5 kilos of store 
potatoes were peeled, sliced, and immersed in 5 liters of 0.005 
m KCN for 2 hours. The slices, after removal, were minced, and 
the juice pressed out in a screw press (volume 1.76 liters). The 
juice was rapidly heated to 50° and maintained at that temperature 
for 5 minutes. While the coagulated suspension was still warm, 


the molybdate reagent to our solutions immediately after trichloroacetic 
acid addition and before filtration of the suspension prevented subsequent 
turbidity. The molybdate concentrations in the phosphate estimations 
were then brought to the same level as those in the Fiske and Subbarow 


method. 
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20 gm. of ammonium sulfate were added for each 100 ce. of fluid. 
The precipitate was filtered off and discarded. To the clear filtrate 
were added 15 gm. of ammonium sulfate per 100 ec. of fluid. The 
precipitate was centrifuged hard and dissolved in 100 ec. of 0.25 
m citrate buffer of pH 6.0. The yields of the enzyme are shown in 
Table I. 

The subsequent purification involved four successive series of 
fractionation with ammonium sulfate, the details of which are 
summarized in Table I. The fractions retained were Fractions II 
and III in the first fractionation, Fractions B and C in the second, 


TABLE | 


Results of Fractionations with Ammonium Sulfate 





Fraction No Degree of saturation Total enzyme units Activity ratio 
I 0.35 470 1.41 
I} 0.39 2260 0.84 
i! | 0.44 1520 0.86 
lV 0.51 135 4.00 
A 0.38 680 0.94 
B 0.41 1470 0.70 
C 0.45 1220 0.71 
D 0.52 100 
a 0.37 690 0.46 
b 0.42 2440 0.36 
| 0.47 520 
0.42 2425 0.30 


and Fraction b in the third. Careful fractionation of Fraction b 
yielded our preparation of highest purity. 

From a total of 4400 enzyme units in 1.76 liters of potato juice, 
the final yield was 2425 enzyme units of activity ratio 0.30 in 20 ce. 
Since 1 unit in the original potato was equivalent to 120 mg. of dry 
weight, whereas 1 unit of the final preparation was equivalent to 
0.324 mg. of dry weight, the degree of concentration was 120/0.324 
or 370. The ratio of protein to carbohydrate in the potato is about 
1:8. The degree of concentration in terms of protein was there- 
fore about 46. 

Other methods of purification were explored without success. 
Alumina absorption was not found effective in the purification of 
potato phosphorylase. Only about 35 to 40 per cent of the total 
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enzyme adsorbed could be recovered with various eluting agents. 
Dialysis for 12 hours against running tap water led to small losses. 
The enzyme was inactivated after prolonged dialysis against dis- 
tilled water but not after prolonged dialysis against 0.2 m KCl. 
Precipitation in the cold with alcohol inactivated the enzyme com- 
pletely. The enzyme was stable at 0° in dilute ammonium sulfate 
solution (about pH 6 to 7) for some days; but steady though slow 
deterioration of activity was observed over a period of weeks. 
Activity rapidly declined when the enzyme was exposed to solu- 
tions the pH of which was less than 5 or greater than 9. Stability 
and activity both were maximum at about pH 6. 

The final preparation was always brown in color. Ultracentri- 
fuge results showed that the substance responsible for the color was 
not associated with the protein components of the preparation and 
was apparently of low molecular weight. The colored component 
could be reduced with NaS.O, to a light yellow substance (non- 
oxidizable) without affecting the activity of the enzyme. There 
was no evidence of any functional relationship between the amount 
of color and the enzymic activity of different preparations. 

Samples of our best preparations (activity ratio 0.3) were ex- 
amined by Dr. Oncley in the ultracentrifuge. Two components 
were found present in the ratio of 7:3 with sedimentation con- 
stants (Seo X 10") of 5.5 to 5.7 and 2.3 to 2.5 respectively. Until 
the purification is advanced a stage further, it cannot be decided 
which of the two components is identical with the enzyme. 

At the 0.3 activity ratio level of purity, 1 mg. of protein is 
equivalent to 3.08 enzyme units. Thus, 1 mg. of protein under 
the conditions of the test catalyzes the formation of 6.16 mg. of 
inorganic P per hour, which corresponds to the formation of 32 mg. 
of starch in 1 hour at 38°. 

Components of Catalytic System—There are three components 
necessary for the catalytic condensation of glucose-1-phosphate to 
starch: (1) enzyme, (2) glucose-l-phosphate, and (3) catalytic 
amounts of a suitable polysaccharide, e.g. starch, dextrin, or 
glycogen. The animal enzyme has been shown by Cori and Cori 
(4) to be a highly dissociated complex of specific protein and 
adenylic acid. However, the activity of the potato enzyme is 
neither dependent upon nor influenced by the presence of adenylic 
acid. The possibility was examined that the potato enzyme was a 
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firmly conjugated compound of specific protein and adenylic acid 
which was not resolved in the course of the purification procedure. 
This was tested with the animal enzyme by using boiled or acid- 
hydrolyzed preparations of potato enzyme in concentrated form as 
a source of adenylic acid. The results of these experiments showed 
no evidence from this direction that adenylic acid is present in 
potato phosphorylase. 

A mixture of glucose-1-phosphate (dextrin-free) and the enzyme 
does not yield starch. On addition of catalytic amounts of starch, 
dextrin,? or glycogen, synthesis of starch with simultaneous libera- 
tion of inorganic Pensues. The necessity for added polysaccharide 
is obscured when a sample of naturally prepared glucose-1-phos- 
phate is tested. Traces of catalytically active dextrins are in- 
variably present and these are not removed completely by suc- 
cessive crystallizations. Thus we have never been able to demon- 
strate a perfect blank in absence of added polysaccharide, using 
naturally prepared glucose-l-phosphate. Through the kindness 
of Dr. C. Cori, we were able to test a sample of synthetic glucose- 
1-phosphate prepared by the method of Cori et al. (11). The evi- 
dence was clear (cf. Table Il) that in complete absence of poly- 
saccharide, glucose-1-phosphate was not condensed to starch by 
the potato phosphorylase. 

Specificity of Components—Our experiments confirm the ob- 
servations of Hanes (8) that glucose-6-phosphate, glucose, fructose, 
fructose-1-phosphate, and fructose-1:6-phosphate cannot replace 
glucose-1-phosphate as substrate. 

Starch was the most active polysaccharide catalyst for potato 
phosphorylase. Dextrin was slightly less active, glycogen showed 
77 per cent of the activity of starch, while sucrose, glucose, the 
Schardinger dextrins, and maltose were inactive. 

The form or the origin of the starch employed appeared to be 
immaterial. Corn, rice, arrow-root, and wheat starches were as 
effective as potato starch. Similarly, soluble as well as insoluble 
amyloses were interchangeable. Samples of highly purified corn- 
starch and glycogen showed no decrease in catalytic activity com- 
pared to the corresponding crude products. Furthermore, when 
starch was treated with diastase for a period sufficient to eliminate 


2 Merck’s dextrin reagent. 
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staining power with iodine, the catalytic power of the hydrolysate 
also disappeared. Catalytic action cannot, therefore, be ascribed 
to a non-polyhexose impurity. 

Hanes (8) has reported that maltose in high concentration shows 
some activity as a catalyst. While our experiments with crude 


TaBLe II 
Effect of Polysaccharide Catalyst on Starch Formation 
Each test mixture consisted of 1 ec. of enzyme, 0.5 cc. of 0.5 M citrate 


buffer of pH 6, and 1 ec. of 0.1 m glucose-1-phosphate. 


Inorganic P 


Additions 
per 3 min 
mg 
Synthetic glucose-1-phosphate 0.00 
= - + 12.5 mg. soluble starch 1.14 
Glucose-l-phosphate isolated from potato juice 0.08 
sé sé sé sé sé } 12.5 meg. 
soluble starch 1.15 


Taste III 
Decrease in Catalytic Effect with Purification of Maltose 
Each test mixture consisted of 1 cc. of enzyme (8 units), 1 cc. of 0.1 M 
dextrin-free glucose-l-phosphate, and 0.5 ec. of 0.5 m citrate buffer of pH 
6.0. 
Catalytic effect, 


Polysaccharide catalyst mg. inorganic P 
per 3 min 


None 0.00 
5 mg. starch 0.80 
50 “ commercial maltose 0.67 
50 “ once recrystallized maltose 0.35 
50 ‘* twice re - 0.18 


maltose confirmed this observation, recrystallization of maltose 
preparations whittled the catalytic effect down to the vanishing 
point (cf. Table II1). Here again, the presence of catalytic 
amounts of dextrin impurity had to be reckoned with. This im- 
purity was not completely eliminated after two successive re- 
crystallizations of maltose. 

Factors Affecting Activity of Enzyme—The effects of variation of 
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hydrogen ion concentration, temperature, concentration of glucose- 
1-phosphate, and concentration of polysaccharide catalyst are 
shown in Figs. 2 to 4. The potato enzyme was rapidly inactivated 
at temperatures above 58°. Thus, exposure for 3 minutes at 58° 
led to a loss of 61 per cent of the activity, and for 3 minutes at 68° 
to a loss of 97 per cent. 

The effects of special reagents and inhibitors on the activity of 
potato phosphorylase are shown in Table IV. Copper and phlor- 






























24 
2.0F i. 
© 
L6F a 
a. 
L 
Lat S. 
3 
08} £ 
0.4} n 
E 
. 7 + ee. 
Temperature Molarity of glucose-1-phosphate x10” 
Fia. 2 Fia. 3 
Fic. 2. Variation of activity with temperature. 


9 
Fic. 3. Variation of activity with concentration of glucose-1-phosphate. 


hizin which inhibit strongly the activity of the muscle enzyme 
showed little or no effect on the potato enzyme. 

The non-reducing and non-fermentable Schardinger dextrins® 
which are produced by the action of Bacillus macerans on starch 
paste showed the phenomenon of competitive inhibition of the 
enzyme (Table V). Increasing the concentrations of the a- or 
8-dextrins for a given concentration of starch catalyst inhibited 
proportionately the activity of the enzyme. Increasing the con- 
centration of starch catalyst for a given concentration of a- or 
6-dextrin decreased proportionately the inhibitory action of the 


3 Purified Schardinger dextrins were obtained from Dr. T. Schoch of the 
Corn Products Refining Company of New York. 
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Schardinger dextrins. 


It would appear that the Schardinger 


dextrins and starch were competing for the same active group in the 


TABLE IV 


Effect of Various Reagents on Activity of Enzyme 


Reagent 


AgNO; 


“e 


CuSO, 


ZnSO, 

PbAc: 

Iodoacetic acid 
Sodium fluoride 
Phlorhizin 
Glucose 

Potassium cyanide 
Capryl alcohol 
Sulfanilamide 
Hydrogen peroxide 
Na.S,0, 


Final concentration 


m/50,000 
M/10,000 


m/50,000 
M/10,000 
M/1,000 
M/25,000 
M/50,000 
m/25,000 
M/27 

M/27 

0.7 saturated 
0.3 - 
m/27 

M/27 

Saturated solution 
5.3 mg. % 

1% 


53 mg. % 


TABLE V 


Inhibition by Schardinger Dezxtrins 


Inhibition 


per cent 
g 
SO 


0 


Each reaction mixture consisted of 1 cc. of enzyme (12 units), 1 ec. of 
0.1 m glucose-l-phosphate, and 0.5 ec. of 0.5 m citrate buffer of pH 6.0. 


Dextrin 


mg. 


enzyme. 


Soluble starch 


mg. 
12.5 
12.5 
12.5 
12.5 
25.0 


50.0 


or maltose in a similar range of concentration. 
Properties of Starch Formed in Reaction—A mixture of glucose- 


Inhibition 


per cent 


This inhibitory action was not shown by inulin, sucrose, 
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1-phosphate, enzyme, and an amount of polysaccharide catalyst 
just sufficient to initiate the reaction produced starch at a linear 
rate which was but a small fraction of the maximum velocity in 
presence. of excess polysaccharide catalyst (ef. Fig. 5). The 
dilemma arose that if starch was formed in the reaction the rate of 
formation of starch should have increased autocatalytically until 
the maximum rate was attained. Since there was no indication of 
this autocatalytic form of the time-velocity curve, it was concluded 
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that the starch formed in the reaction, unlike the other starches 
tested, could not act as a catalyst for its own formation. This 
non-catalytic property of the starch formed by the potato enzyme 
system was confirmed by direct experiment. The enzymatically 
formed starch was sparingly soluble in water and rapidly retro- 
graded. It precipitated out in a concentrated solution and could 
be centrifuged off and washed (cf. Hanes (8) for a study of its 
physical and chemical properties). The aqueous solution or sus- 
pension of this starch when added to the polysaccharide-free 
system did not catalyze the further formation of starch (ef. Table 
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VI). It would be of considerable interest to know the chemical 
basis for this difference in catalytic properties between reagent 
starch and the starch formed as the reaction product of phosphory- 
lase action. Comparison of iodine staining power (8), x-ray 
diagrams (6, 12), and elementary analysis (8) have failed thus far 
to pick out any significant differences. 


TABLE VI 
Synthesized Starch As Catalyst 
Each reaction mixture consisted of 1 cc. of enzyme, 1 cc. of 0.1 mM glucose- 
1-phosphate, and 0.5 ec. of 0.5 m citrate buffer of pH 6.0 
Catalytic effect, 


mg. inorganic P 
per 3 min. 


Starch synthesized by potato phosphorylase (5 mg.) 0.00 

Soluble potato starch (5 mg.) 0.64 

Insoluble potato starch (5 mg.) 0.64 
TABLE VII 


Components of Lima Bean Phosphorylase System 
Each reaction mixture consisted of 0.5 ec. of enzyme and 0.5 cc. of 0.5m 
citrate buffer at pH 6.0. 


Inorganic 


System P per 
3 min 
mg 
Enzyme 0.00 
Xs + glucose-l-phosphate 0.62 
23 + ™ + soluble starch 0.67 
x + - + dextrin 0.63 
” +> “ + soluble starch + adenylic acid 0.65 


Réle of Polysaccharide Catalyst—The polyhexoses that are 
catalytically active in starch formation have two characteristics in 
common: (a) they are all composed of chains of a-glucose units in 
1:4 glucosidic linkage, and (6b) they can all be phosphorylyzed to 
glucose-l-phosphate in presence of inorganic phosphate and the 
enzyme. The chain length appears to be of importance. Thus 
a and 8 Schardinger dextrins with probable chain lengths of four 
and six respectively are inactive, whereas the violet-staining 
dextrins of between six and twelve are fully active. The fact that 
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a polyhexose catalyst must be capable of being phosphorylated may 
bear some relation to its catalytic réle in starch formation. Pos- 
sibly the initial step in starch formation is the transfer of phos- 
phate from glucose-l-phosphate to the catalyst. Inorganic 
phosphate would then arise by the spontaneous decomposition of 
the catalyst-phosphate compound. 

The starch phosphorylase enzyme of Lima bean has been pre- 
pared by the same method as that employed in the purification of 
the potato enzyme, and has been brought to a comparable degree 
of purity. Only two components were necessary for starch form- 
ation, (a) the enzyme and (b) glucose-1-phosphate (cf. Table VII). 
Addition of starch, dextrin, or glycogen did not increase the rate of 
condensation of glucose-1-phosphate to starch. This result can- 
not be explained in terms of some polysaccharide contaminating 
the enzyme, as is shown by the fact that the preparation of the 
Lima bean enzyme did not act as a source of polyhexose catalyst 
for the potato enzyme. There are two possible explanations: 
either the polyhexose catalyst is an integral part of the Lima bean 
enzyme molecule or the mechanism of the reaction is different, and 
does not depend upon the collaboration of a polyhexose. 


SUMMARY 


The purification and some of the properties of potato phosphory- 
lase are described. The enzyme was concentrated some 370 times 
by a series of successive ammonium sulfate fractionations. Ade- 
nylic acid is not a component of the system, although catalytic 
amounts of starch, dextrin, or glycogen are required for starch 
formation from glucose-1-phosphate. Some of the factors affect- 
ing starch formation by the enzyme are analyzed. 


We are grateful to Professor A. B. Hastings for his interest and 
encouragement. This investigation was assisted by grants from 
the Ella Sachs Plotz Foundation and the American Association 
for the Advancement of Science. 
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The gonadotropic hormone from the urine of pregnant women 
has been isolated in highly purified form (1) and studied by means 
of chemical and physical methods (2). In order to characterize it 
more exactly, further studies have been made by means of the 
ultracentrifuge and the Lamm diffusion apparatus. In addition, 
more convincing evidence concerning the molecular weight has 
been obtained by an estimation of the partial specific volume. 
Since the hormone is a glycoprotein, it was thought unjustifiable to 
assume the value of 0.70 to 0.75, which has been found character- 
istic for most proteins. 

The procedure of isolation (previously reported (1)) yielded such 
a highly purified hormone preparation that no further purification 
was undertaken of the material used in the following studies. The 
material assayed 4000 minimal effective doses (Friedman) or about 
8000 international units per mg. 

Molecular Kinetic Behavior—Sedimentation velocity and diffu- 
sion experiments were performed in a phosphate-borate buffer 
medium of pH 7. The solution, containing 8.2 mg. of protein per 
ml. of solvent, was made up to be 1 per cent in sodium chloride. 
Three preliminary and two complete and precise sedimentation 
velocity experiments were carried out in a standard Svedberg 
oil turbine ultracentrifuge operating at 60,000 r.p.m. Observa- 
tions of the position of the boundary in the cell at the end of definite 
intervals of time were made by the Lamm scale method. The 
operation of the ultracentrifuge and the evaluation of the sedimen- 
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tation velocity constant have been described in detail (3). The 
symbols used by Svedberg and Pedersen have been retained 
throughout. 

In Experiment 4 observations of the position of the boundary in 
the cell were made over a period of 2} hours. The average sedi- 
mentation constant, corrected to a process taking place in water 
at 20° and calculated from the position of the boundary at eight 
successive exposures after 15 minute intervals, was soo = 4.3 X 


TABLE I 
Calculation of Sedimentation Constant of Urinary Gonadotropin 
Protein concentration 8.2 mg. per ml.; optical magnification factor 0.595; 
speed 60,000 R.p.M.; time intervals between exposures 10 and 15 minutes, 


‘tion No. 50.6 \z Im w? X 10-5 a = s X 10" 
vv. 

{ 3.233 | 394.8 | 21.9 | 0.955 
5 3.333 0.059 5.857 394.8 23.0 0.930 3.96 
6 3.495 0.063 5.918 394.8 23.6 0.918 4.12 
7 3.596 0.061 5.980 394.8 24.0 0.910 3.92 
S | 3.745 0.070 6.045 394.8 24.4 0.902 1.4] 
9 | 3.839 | 0.059 | 6.110 | 394.8 | 24.8 | 0.804 | 3.64 
10 1.005 0.101 6.190 394.8 25.3 0.884 t.06 
1] 4.097 0.103 6.292 | 394.8 25.6 0.878 +.04 
12 4.240 0.084 6.385 394.8 26.0 0.870 3.22 
13 4.415 0.106 6.480 394.8 26.2 0.866 3.99 
14 4.586 0.100 6.583 394.8 26.4 0.862 3.69 


w = 3.90 X 10°". 
820 = Sav X 1.1 = 4.3 XK 10°. 


10- em. per second per unit field. The calculations and results 
of Experiment 5 are summarized in Table I. 

Two diffusion experiments were performed in a thermostat at 
2°. The diffusion took place in one case in an arm of a Tiselius 
electrophoresis cell (4). In the other experiment the boundary was 
formed in the steel cell described by Lamm (5). The blurring of 
the boundary as a function of time was followed by the refractive 
index method of Wiener as modified by Lamm. Diffusion con- 
stants were calculated by the method of area and maximum height 
of the scale line displacement-distance curve. The results of the 
calculations for Experiment 2 are given in Table II. 
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Sedimentation velocity and diffusion scale line displacement- 
distance curves conform reasonably well to ideal distribution 
curves, indicating that the urinary gonadotropin as prepared is 
essentially monodisperse. 

Partial Specific Volume—Compared with sedimentation data 
relatively few determinations of partial specific volume have been 
made. As the hormone is an unusual protein, a glycoprotein con- 
taining 15 per cent carbohydrate groups, it was felt that a deter- 
mination of partial specific volume was essential for the calculation 


TABLE II 


Calculation of Diffusion Constant of Urinary Gonadotropin 





Observation Are a t A? 
No. - = | H? et 
sq. cm. cm. | sec. | 
1 | 0.009876 | 0.0146 | 97,200 | 4.61 X 10-6 
2 | 0.009756 | 0.0112 147,600 5.14 X 10-8 
3 0.009408 | 0.0106 169, 200 4.66 X 10-6 
{ | 0.000224 | — 0.0098 197,100 | 4.50 X 10° 
5 | 0.009348 0.0087 231,300 | 4.99 X 10-6 
6 | 0.009480 | 0.0086 251, 100 4.78 X 10° 
F h ol bin tha wile ae oe eS 1.76 X 1072 
“or eac serv: value — was 4. ° 
or each observation 1e vVaiue oO i 4G? is ) 
D A? f/l—b\? 1 = 2.28 X 1077 
Ber 2 yo ; 
Ns n2 293.1 
Deo = Dz X x (— X —— =44X 10-7. 
"1.0 noJyo 2738.1 


of the molecular weight. Actually it was found that the partial 
specific volume was similar to that of most other proteins. 

The partial specific volume of the hormone was determined by 
dissolving a weighed amount of it in water and making the solution 
up to a definite volume in a volumetric flask. In the determina- 
tion the required datum is the weight of water displaced by a given 
weight of hormone. By determination with a pycnometer 0.0173 
gm. of water was displaced by 0.0226 gm. of hormone, giving as 
value for the partial specific volume 0.76. There is a possible error 
in the determination of partial specific volume of approximately 
+5 per cent. 

Molecular Weight of Urinary Gonadotropin—According to the 
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formula, M = RT's20/(Deo(1 — Vp)), in which M is the molecular 
weight, V is the partial specific volume, and p is the density of 
water at 20°, the molecular weight of the hormone is calculated 
to be close to 100,000. As is evident from the formula, an error 
of +5 per cent in the partial specific volume can produce a varia- 
tion of +15 per cent in the calculated molecular weight. 


SUMMARY 


A highly purified urinary gonadotropin preparation assaying 
1000 minimal effective (Friedman) doses per mg. was found to be 
essentially monodisperse and yielded the following data. 

The sedimentation constant, s9 = 4.3 X 10-" em. per second 
per unit field. 

The diffusion constant, Deo = 4.4 XK 107-7 sq. em. per second. 

The partial specific volume is 0.76. 

The molecular weight is in the neighborhood of 100,000. 
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The fate of the labeled carboxy] carbon atom of lactic acid fed to 
fasted rats has been studied previously (1). The liver glycogen 
formed averaged 32 per cent of the lactate fed, but contained only 
1.6 per cent of the radioactivity. These results might be inter- 
preted as an effect of a “dilution” of the labeled, 3-carbon chain in 
the animal body. They do not necessarily indicate that the 
carboxyl carbon atom is detached from the rest of the carbon chain 
in the course of glycogen synthesis. However, a comparison of 
these results with analogous experiments employing lactate con- 
taining C™ in the @ or 8 position (Type II lactate!) should show 
whether such a step does occur. Experiments with Type II 
lactate will be reported in this paper. The liver glycogen formed 
averaged 20 per cent of the lactate fed and contained 3.2 per cent 
of the radioactivity, a definitely higher amount than that pre- 
viously found with Type I. 


EXPERIMENTAL 


The synthesis of Type II lactate was carried out according to the 
procedure of Cramer and Kistiakowsky (2) except that some modi- 
fications were introduced in the preparation of radioactive acet- 
ylene, CH=C"H. These will be described in detail. 

The method employed by Ruben, Hassid, and Kamen (3) for 


‘For convenience and in accordance with previous usage (2), 
CH;CHOHC"OOH will be designated Type I lactate; CHs;C'HOHCOOH 
and C"H;CHOHCOOH will be called Type II lactate. 
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removing C" from the target was found superior to that previously 
employed, mainly because of the saving in time and the decreased 
exposure of the operator to radiation. The C"O, was pumped 
from the chamber and absorbed in a liquid air trap containing 3 ee. 
of 2 m NaOH and 2.5 mm of NaeCQ; as carrier. The trap was 
evacuated and immersed in boiling water until the contents had 
liquefied. A few minutes were allowed for absorption of COs. 
The carbonate was precipitated as BaCOs by the addition of 3 ce. 


i 
Le 


US 


Fic. 1. Apparatus for the preparation of acetylene, consisting of a 50 
ec. Pyrex centrifuge tube closed by a 3-hole rubber stopper; B, separatory 














funnel; A, T-tubes; C, iron electrodes 


of 1 m BaCl, and filtered off with suction on a sintered glass plate. 
The precipitate was washed well with alcohol and ether and sucked 
dry. 

The reduction of BaCO; to BaC, and the subsequent hydrolysis 
to acetylene were carried out in a 50 ce. Pyrex centrifuge tube 
closed at the top by a 3-hole rubber stopper (Fig. 1). Glass T- 
tubes (A) were inserted in two of the holes and a separatory funnel 
(B) in the third. Extending through each of the T-tubes was a 
7s inch iron electrode (C) sealed at the top of the glass tube with 
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wax. The free ends of the T-tubes served as inlet and outlet for 
the system. The electrodes extended to the bottom of the test- 
tube, where a } inch piece of No. 36 iron fuse wire was soldered 
between them. 

The BaCOy was intimately mixed with 200 mg. of fine Mg pow- 
der and 25 mg. of SiOe, put in the test-tube, and covered with a 200 
mg. layer of Mg powder. Helium was passed through the system 
into a trap cooled with liquid air for the condensation of acetylene. 
A potential of 110 volts applied between the electrodes fired the 
fuse and started the reaction which required only a few seconds to 
go to completion. It was essential for the success of this step 
that the barium carbonate be dry and free from ether. The 
reaction tube was cooled with a current of compressed air for about 
30 seconds. A slow stream of hot water was then introduced from 
the separatory funnel. The generation of acetylene required only 
a few minutes. 

With this method, a yield of 50 to 70 per cent radioactive acety- 
lene could be obtained in about 10 minutes. This shortened the 
total time required for the synthesis and purification of the lactate 
to about 1.5 hours. The over-all yield under favorable circum- 
stances was almost 20 per cent. 

The lactate was fed to a fasted rat, the expired CO, was col- 
lected at half hour intervals, and the liver glycogen was isolated 
after 2.5 hours. In these steps, the procedure was identical with 
that previously described (1). The results are given in Tables 
I and IT. 

Table I shows that the liver glycogen formed averaged 21 per 
cent of the administered lactate and contained an average of 3.2 
per cent of the administered activity. Comparison of these 
values with the corresponding figures, 30 and 1.6 per cent, ob- 
tained with Type I lactate, indicates that relatively more carbon 
enters the glycogen from the @ or 8 position than from the carboxyl 
position of the lactate molecule. 

Table II shows that an average of 10 per cent of the administered 
labeled carbon was excreted as C™O, in 2.5 hours. This value is 
considerably lower than the average of 20 per cent found in ex- 
periments with Type I lactate. The large errors in some of these 
figures, particularly those for the last half hours, make it unde- 
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sirable to attempt to attribute much significance to the absolute 
values obtained. The results substantiate the view, however, 


TaBLe I 
Radioactivity of Liver Glycogen 2.5 Hours after Feeding C™ Lactate, Type II 





Lactate Liver Glycogen 
Ex- \ Radioactivity 
peri a Per cent 
ment weight Ab- Glyco of Per Ratio 
No Fed sorbed Weight gen 2 lactate | cent of i 9) /(8 
ra fed amount sine 
(oa fed 
1) 2 3) (4 5 6) 7 8 ‘ 10 ll 
gm. mg mg em. per cent mg per cent 
| 
1 132 | 115 | 100 | 4.55 | 0.96) 38 33 7.1 3 | 0.21 
2t 101 07 50 | 4.21 | 0.64 22 23 ‘.3 j 0.19 
3 104 9S 64 +.06 | 0.75 26 26 oe 3 0.10 
4 123 83 79 | 4.65 | 0.29 s 10 1.4 14 0.14 
5t 151 101 S4 t.62 | 0.61 23 22 3.5 6 0.16 
6 137 QQ 72 | 4.41 | 0.31 9 9 0.5 9 0.06 
Average ...... pieetoainbane. aebaee 21 3.2 0.14 


* Corrected for amount found in livers of fasted controls (0.12 per cent). 


t 2 hour experiments. 


TABLE I] 
Excretion of C“™ in Expired CO, 


Radioactivity as per cent of amount fed 


Experi- CO: 

ment No expired 
0-05 hr. | 0.5-1.0 hr. 1.0-1.5 hrs. 1.5-2.0 hrs. 2.0-2.5 hrs Total 

mM 
l 16.8 0.4 1.8 3.2 3.2 t.0 12.6 
2° 15.8 1.1 1.9 1.8 5.3 10.1 
3 16.5 0.3 1.1 1.3 2.2 1.8 6.7 
4 18.4 0.7 1.3 3.0 +.9 4.1 14.0 
§° 15.3 0.5 1.1] 2.2 2.4 6.2 
6 16.8 0.5 1.6 1 2.2 0.8 6.8 
Average...... 0.6 1.5 2.2 3.4 2.7 10.0f 

* 


2 hour experiments. 
t 2 hour experiments omitted from the average. 


that the fate of the carboxyl carbon atom of lactic acid is quite 
different from that of the a- and B-carbon atoms. 
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DISCUSSION 


We have previously discussed the mechanism of glycogen forma- 
tion from lactic acid (1, 4), and proposed a series of reactions which 
would be consistent with the facts obtained with C™O, and un- 
labeled lactate and with CH;CHOHC"OOH. Briefly recapitu- 
lated, this hypothesis states that glycogen is formed by a reversal 
of the steps in the glycolytic process except at the pyruvate — 
phosphopyruvate stage. Here the following series of reactions is 
assumed to intervene. 


Pyruvate + CO, — oxalacetate | 


iu 


malate — phosphooxalacetate 


ql 


fumarate phosphopyruvate + CO, 





succinate | 


According to this scheme, the original labeled a- or 8-carbon atoms 
of the lactate (Type II) will be converted into glycogen except 
in so far as the labeled molecules introduced have their specific 
activity diminished by dilution or interchange reactions in the 
body. This diminution of specific activity may occur at any of 
the steps net When the carboxyl carbon is labeled as in 
the Type I la¢tate experiments, the lactate will be diluted by the 
same amount; but, after distribution of the C™ in both carboxy]| 
groups of the dicarboxylic acids, half of the labeled atoms will be| 
lost in the subsequent decarboxylation. Consequently, the} 
theory predicts that, as a first approximation, the glycogen formed 
after feeding Type I lactate should contain half as much C" as | 
that formed after feeding Type II lactate. This is the order of | 
magnitude of the difference actually observed in the experimental 
data. 
For a more exact comparison of the data obtained in the experi- 
ments with the two types of lactate, some additional corrections 
should be applied. We have expressed all results in terms of the 
ratio of the radioactivity found to the glycogen formed. Both 
numerator and denominator were calculated as per cent of the 
amount administered. In the case of the Type II lactate, the 
ratio has been considered a measure of the dilution of the glycogen 
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precursor in the body. This is true, however, only if no CU 
enters from another source. Since C"O, is known to be present, 
a correction must be applied in each case for the amount of 
glycogen radioactivity derived from (+4) carbon (4). 


The magnitude of this correction can be estimated from the available 
data by assuming that an average of 11.4 per cent of the carbon atoms has 
been derived from (+4) carbon, as previously found (4). The amount of 
glycogen radioactivity so derived then equals 


mg. glycogen formed C" exereted as CO, 


0.114 X 
30 mm CQO, excreted 


The assumptions underlying this equation have been discussed previ- 
ously (4) 


TABLe III 


Comparison of Results with Type I and Type IT Lactate 


Type I lactate Type II lactate 

Experiment No. Ratio Experiment No Ratio 
4 0.03 l 0.21 
5 0.05 2 0.18 
7 0.06 3 0.10 
9 0.11 5 0.16 

10 0.04 ff 
Average 0.06 0.16 


The correction proved to be insignificant in the case of Type II lactate. 
For Type I, it amounts to an average of 12 per cent of the total. The final 
figures selected for comparison of results obtained with the two types of 
lactic acid (Table III) have all been subjected to this correction. 


The ratios listed in Table III have been selected from the two 
sets of data on Type I and Type II lactate as representing those 
experiments in which the over-all errors were least. It was felt 
that only those experiments should be selected in which the caleu- 
lated percentage conversion of lactate to glycogen did not deviate 
excessively from the normal average level obtained in the control 
experiments (1). Experiments in which the glycogen formed 
amounted to more than 50 per cent or less than 10 per cent of the 
lactate fed have been excluded as unusual deviations. In the 
first case, the initial glycogen level of the liver must have been far 
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above the average control level from which the glycogen increase 
was calculated, introducing a large error in the latter figure. In 
the second case, some factor had apparently interfered with the 
mechanism of glycogen formation. This occasionally happened 
when the salt content of the administered lactate solution was 
abnormally high. 

The averages of the two sets of corrected ratios in Table III 
are 0.06 for Type I lactate, and 0.16 for Type II lactate. Although 
the fluctuations from experiment to experiment are wide, it is 
believed that the difference observed between the two series is 
real and consistent with the proposed hypothesis for the formation 
of liver glycogen from lactate. 


We wish to express our appreciation to the Harvard cyclotron 
group and especially to Dr. B. R. Curtis for their generous co- 
operation. We also wish to thank the Milton Fund for aid which 
made this work possible. One of us (A. K. 8.) is also indebted to 
the Ella Sachs Plotz Foundation for a grant-in-aid. 


SUMMARY 


1. Rats have been fed solutions of lactate containing C™ in the 
a and 8 positions, and the radioactivity of the expired CO, and 
liver glycogen has been measured. 

2. The CO, expired in 2.5 hours accounted for about 10 per cent 
of the administered radioactivity. 

3. The liver glycogen formed averaged 21 per cent of the lactate 
fed and contained 3.2 per cent of the radioactivity. 

4. The results are compared with those obtained with lactate 
labeled in the carboxyl position and are found to be compatible 
with the previously suggested mechanism of glycogen formation 
in the liver after lactate feeding. 
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By BIRGIT VENNESLAND, A. K. SOLOMON, JOHN M. BUCHANAN, 
AND A. BAIRD HASTINGS 


(From the Mallinckrodt Chemical Laboratory and the Research Laboratory of 
Physics, Harvard University, Cambridge, and the Department of 
Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, October 22, 1941) 


The process of glycogen formation in the liver of fasted rats fed 
lactate has previously been found to involve at least one step in 
which completely oxidized, or (+4), carbon is incorporated into the 
6-carbon glucose chains of the glycogen molecule (1). This in- 
corporation occurs only under circumstances in which glycogen is 
accumulating. The mechanism of the incorporation is still un- 
known. There is, however, evidence which indicates that the 
process may take place by the reaction pyruvate + COQ, —- 
oxalacetate. 

Wood and Werkman (2) have demonstrated the occurrence of 
this reaction in bacteria. They suggested that the step occurs 
also in animal tissues. Additional evidence has been provided by 
other workers (3-7). The data obtained by the use of labeled 
carbon to study glycogen formation from lactate in rat liver can 
be explained by the hypothesis that such a carboxylation of 
pyruvate occurs as a necessary step in the process (8, 9). Other 
explanations cannot, however, be excluded. 

The present paper extends our previous observations to glycogen 
formation from glucose in the presence of radioactive CO». It 
will be shown that here also (+4) carbon is incorporated into the 
glycogen molecule. 


Methods and Results 


Experiments on Rats—The experiments on rats were conducted 
in a manner identical with that previously used (1). Fasted rats 
were fed 300 to 600 mg. of glucose in 2 cc. of water, and injected 
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with NaHC"O; solutions at half hour intervals. In some cases 
these solutions were made up without the addition of carrier, so 
that only a trace of bicarbonate was present. The expired CO, 
was collected each half hour, and, after 2.5 hours, the animal was 
injected with amytal and the liver removed for glycogen isolation, 

The data obtained and the calculated amount of (+4) carbon 
incorporated into the glycogen are given in Tables I and II, 
Calculations were made as previously described (1). The results 
obtained are in no important respect different from those obtained 


TABLE | 


Radioactivity in Liver Glycogen after NaHC™O; Administration 


Solution injected Liver Glycogen 
Ex- >. - 
peri- Rat (Glucose Radioactivity 
ment | weight fed NaHCuod, Gh . 
No +- NaCl Total | Weight , oa > | Per P 
NaHCO; oo 5 cent of ~ 
= amount, Cen 
be jinjected — 
gm mg mM perl py ce ym aed me | 
] OS 600 135 9 7.5 $4.22 | 3.10 | 126 | 0.84 2.7 
3 99 | 400 99 36 | 7.5 | 4.55 | 2.00 | 86 1.52 | 2.9 
} 124 400 ‘Trace 146 8.3 4.19 | 2.34 93 0.99 1.0 
5 87 300 * 146 8.3 3.40 0.74 21 | 0.55 | 2.7 
7 131 400 7 150 8.4 4.99 0.59 24 0.47 1.8 
Average 70 0.87 


* Expressed as mg. of glucose per 100 mg. of wet liver. 
t Corrected for the amount previously found in the liver of fasted con- 
trols (0.12 per cent). 


with lactate and NaHC"O;. The total amount of C" exereted 
as CO, averaged 62.7 per cent. Furthermore, C' was found to be 
present in the glycogen. Calculations showed that an average of 
13.1 per cent of the glycogen carbon was derived from (+4) 
carbon. The fact that this figure is somewhat higher than the 
average of 11.4 per cent observed with lactate cannot be regarded 
as significant in view of the large fluctuations in different experi- 
ments. That the results in two experiments (Nos. 3 and 5) 
were higher than 16.6 per cent, likewise does not necessarily mean 
that more than 1 carbon atom in 6 is involved. 
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Proof of Presence of C™ in Glycogen Molecule—In Experiment 5, 
an aliquot of the glycogen was hydrolyzed and converted into 
glucosazone after the addition of a known amount of glucose as a 
carrier. The osazone isolated represented 6.0 + 0.3 per cent of 
the total initial glycogen sample. Its C" content measured 6.2 + 
0.5 per cent of the C"™ in the total glycogen. This experiment 


TaBLe II 


Proportion of Radioactivity Excreted and Proportion of Glycogen Carbon 
Derived from (+4) Carbon 


, | 
Radioactivity in expired CO, per cent of total | (+4) car- | Glycogen 

















Experi- amount injected Total | bon incor- carbon 
ment CO2 : | porated mrss) 
No. lar | expirec into rom 

vs |g | ets | tga | R28] noes | “P| pcm | ee 
- a ae 
| ys | mM mM per cent 
1 8.3 | 16.0 | 14.6] 7.8 5.8 | 52.5 | 21.2 0.339 8.1 
3 | 14.3) 7.3| 7.4] 12.7 | 12.7 | 54.4) 17.7 | 0.495 17.3 
4 | 13.1 | 14.1 | 17.1] 16.2 | 12.1 | 73.7] 15.2 | 0.204 6.6 
5 14.3) 11.0 | 12.7) 8.4 12.4 58.8 15.6 0.146 20.4 
7 13.1 | 12.6 | 13.0 | 17.5 | 18.0 | 74.2 17.1 0.108 13.2 
is) fy APS 
Average Leeer ere | 62.7 | 13.1 
TABLE III 
Radioactivity in Muscle Glycogen 
Experiment Weight of Glycogen Radioactivity of muscle ye | » 
No. muscle sample found* glycogen liver glycogen 
gm mg. per cent loor cond ener per cent 
6 5.16 | 15.4 0.09 | 2.5 | 0.17 
7 5.21 | 15.8 | 0.022 | 66 | 0.25 


* Expressed as mg. of glucose. 


shows that all or nearly all (at least 90 per cent) of the C" measured 
in the glycogen is a part of the glucose carbon chain. 

Radioactivity of Muscle Glycogen—Muscle glycogen was isolated 
for radioactivity determination in two cases. The results are 
given in Table III. Appreciable quantities of C" were found, 
though the amount present per mg. of glycogen was not as great 
as that found in the liver. Comparison of these values with those 
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previously obtained after lactate feeding shows that more C" 
appears in muscle glycogen after glucose feeding. This is con- 
sistent with the fact that glycogen is known to be deposited in 
the muscles after administration of glucose to fasted rats (10). 
Only the newly formed glycogen would be expected to contain 
labeled carbon. 

Experiments with Rabbit Liver Slices—The preceding results on 
rats indicated that the glycogen deposited in the liver after glucose 
feeding incorporated as much (+4) carbon as that deposited after 
lactate feeding. To test whether the steps involved in the syn- 
thesis of glycogen from glucose really necessitated the incorpora- 
tion of (+4) carbon, a system was required in which the formation 
of glycogen from precursors of lower molecular weight does not 
occur. Ostern, Herbert, and Holmes (11) have shown that liver 
slices of fasted rabbits will synthesize glycogen in a suitable in- 
organic medium containing high concentrations (1 per cent) of 
glucose. Under the same conditions, glycogen formation from 
lactate, pyruvate, succinate, or fumarate occurs only to a small 
extent or not at all. This system was, therefore, chosen for 
investigation. 

Preliminary experiments were run in order to determine the 
conditions necessary for a maximum yield of glycogen. Since the 
conditions chosen differed somewhat from those employed by 
Ostern et al., the procedure used in one experiment with C" 
will be described in detail. 

4 ec. of a solution containing 0.09 M KC] and 0.033 m KHCOQ; per 
liter were added to 4 ce. of a solution of the following composition: 
0.020 m Mg(HCOs)o, 0.070 m KCl. To this mixture were added 
80 mg. of glucose and liver slices from a rabbit fasted 24 hours. 
The gas space of the vessel employed was filled with 95 per cent 
Os, 5 per cent COs. The vessel was stoppered and shaken at 37° 
for 1 hour. After the addition of 4 ec. of 80 per cent KOH, the 
glycogen was isolated by the usual procedure. Chemical de- 
termination of the amount of glycogen present was made on an 
aliquot. A separate determination of the glycogen content of the 
liver slices was made at the beginning of the incubation period. 
The results obtained in this experiment and in another similar one 


1 A study of the réle of ions in the in vitro formation of glycogen will be 


published separately. 
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employing somewhat larger quantities of medium and tissue are 
given in Table IV. 

The glycogen formation in the two experiments amounted to 
9.6 and 18.8 mg. respectively. This glycogen contained 0.17 
and 0.45 per cent of the total C" present. A control experiment 
showed the C™ was not present as a contaminant. In order to 
assess the significance of these results, it is necessary to calculate 
what proportion of the carbon atoms of the glycogen are repre- 
sented by the C"™ which it contains. Such a calculation can only 
be a rough approximation, since it is impossible to ascertain with 
accuracy the specific activity of the (+4) carbon involved. At 
the beginning of the experiment, all the C" may be assumed 
to be evenly distributed in the’ (+4) carbon of the medium. 


TaBLe IV 
C" in Glycogen Formed from Glucose in Rabbit Liver Slices 











Experiment No.. Cot ee 1 2 
Amount of tissue, gm. ro 1.86 3.22 
Initial glycogen, %................| 0.26 0.26 
Final glycogen, % .| 0.77 0.85 
Glycogen formed, mg. Re ae 9.6 18.8 
C" in glycogen, as % total C"™ | 


ee ee 


0.170 + 0.004! 


0.450 + 0.005 


The amount of (+4) carbon was 0.29 mM in the first experi- 
ment and 0.40 mm in the second. If this specific activity 
was retained throughout the experiment, the C" found in the 
glycogen would represent 0.0005 mm of carbon or 0.16 per cent of 
the glycogen carbon in the first experiment, and 0.0018 mm of 
carbon or 0.29 per cent of the glycogen carbon in the second experi- 
ment. These figures represent minimum values, since the amount 
of (+4) carbon represented by a given amount of C™ increases 
throughout the experiment as more CO, is produced by the tissue 
and as the C" becomes distributed in the gaseous phase. The 
difference in intracellular and extracellular specific activity may 
also be significant. If this last factor is neglected, a minimum 
value can be assigned to the specific activity by assuming that the 
C" is evenly distributed in the total amount of (+4) carbon present 
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in liquid and gas at the termination of the experiment.? This was 
estimated to be 0.77 mM in Experiment 1, and 1.30 mM in Experi- 
ment 2. If these concentrations existed throughout the experi- 
ment, the C"™ found in the glycogen would represent 0.0013 mm 
of carbon or 0.41 per cent of the glycogen carbon in Experiment 1, 
and 0.0059 mm of carbon or 0.94 per cent of the glycogen carbon 
in Experiment 2. The largest value, about 1 per cent, is well 
below the value of 13 per cent observed when glycogen was formed 
from glucose in vivo. Furthermore, the minimum specific activity 
calculated above would have to be decreased by a factor of 16 if 
1 carbon atom in each glucose unit were involved. Though the 
possibility of such a difference between the approximated and the 
real conditions cannot be denied, it is unlikely. The (+4) carbon 
incorporated is probably to be ascribed to the small but definite 
amount of glycogen usually formed when the liver slices are 
incubated under the same conditions in the absence of added 


glucose. 
DISCUSSION 


Although a definite amount of (+4) carbon was incorporated 
into the glycogen formed from glucose in rabbit liver slices, the 
amount involved seems too small to indicate that the process 
involving the incorporation is a necessary step in the glucose to 
glycogen conversion. This conclusion is consistent with the 
findings of Cori and his coworkers (12, 13) that glucose can be 
enzymically converted into glycogen in vitro by the following 
direct steps. 


Glucose — hexose-6-phosphate — hexose-l-phosphate — glycogen 


The fact that 13 per cent of the glycogen formed in vivo after 
glucose feeding is derived from (+4) carbon may mean either that 
an entirely different process is here involved, or that the glucose is 
broken down to a 3-carbon unit before being resynthesized to 
glycogen by a series of reactions similar to those which occur after 
lactate feeding. However, it seems most likely that the existence 
of equilibria between the various chemical components involved 
in the carbohydrate system causes a distribution of labeled carbon 


2 The possibility of loss of C™ by its entrance into organic molecules in 


any appreciable amount is also neglected. 
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atoms introduced at any one stage into all the molecular species 
involved. Such a distribution could be expected even though 
there were no net formation of glycogen from 3- or 4-carbon pre- 
cursors. The apparent dilution of labeled lactate fed to the rat 
lends support to such a concept, which has already been shown by 
Schoenheimer and Rittenberg and their coworkers (14) to be 
applicable to many biological reactions in the intact animal. 

From the observations made in this and the preceding papers of 
this series, the hypothesis is proposed that though different chemi- 
cal substances may give rise to an increase in liver glycogen, they 
may be regarded as interchangeable if they are capable of being 
brought into enzymic equilibrium in the body with the key pre- 
cursor, pyruvic acid, which in turn condenses with CO, to provide 
again the essential 4-carbon acids. 


We wish to express our appreciation for their generous coopera- 
tion to the members of the Harvard cyclotron group and especially 
to Dr. B. R. Curtis. We also thank the Milton Fund for aid 


which made this work possible. 


SUMMARY 


1. Radioactive bicarbonate was injected and glucose was fed to 
fasted rats. The liver glycogen formed incorporated an amount of 
C" corresponding to 13 per cent of the carbon atoms of the 
glycogen. 

2. Asmall amount of C™ was also found in the muscle glycogen. 

3. The formation of glycogen from glucose in rabbit liver slices 
in the presence of labeled (+4) carbon also resulted in the ap- 
pearance of some C" in the glycogen molecule. Here, however, the 
amount of (+4) carbon incorporated was considerably less than 


in vivo. 
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THE UTILIZATION OF CYSTEINE AND CYSTINE BY RAT 
LIVER WITH THE PRODUCTION OF HYDROGEN 
SULFIDE* 


By C. V. SMYTHE 
(From the Department of Chemistry, University of Pittsburgh, Pittsburgh) 


(Received for publication, October 13, 1941) 


In the course of work on the synthesis of vitamin C by animal 
tissues (1) we have had occasion to add cysteine to preparations of 
rat liver. In every case (with liver slices, homogenized liver, and 
liver extracts) a production of HS was observed. Although it is 
well established that certain bacteria contain an enzyme system 
capable of producing HS from cysteine, the only report we could 
find in the literature indicating that mammalian tissue contains 
such an enzyme system was that of Fromageot, Wookey, and 
Chaix (2). These authors reported the presence of such an enzyme 
in dog liver. The present work was undertaken to study the 
conditions necessary for the production of H.S by preparations 
from the liver of the rat and a few other species and to study the 
other products that are formed from cysteine and cystine. During 
the course of the work Laskowski and Fromageot (3) have extended 
their observations to some other species and have described certain 
properties of the enzyme preparation from dog liver. 


EXPERIMENTAL 


The H.S produced could be determined quantitatively in the 
usual Warburg vessels by absorbing it in cadmium acetate placed 
in the center inset and treating the yellow solution and precipitate 
with excess iodine and acid at the end of the experiment. The 


* Contribution No. 445 from the Department of Chemistry, University 
of Pittsburgh. This investigation was made possible by a research grant 
from the Buhl Foundation. 

A preliminary account of these experiments was presented before the 
Thirty-fifth annual meeting of the American Society of Biological Chemists 
at Chicago, April 16, 1941 (J. Biol. Chem., 140, p. exxiii (1941)). 
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acid dissolved the sulfide and the iodine oxidized it to free sulfur. 
The remaining iodine could be titrated in the usual way. Con- 
trols run by adding sodium sulfide from the side arm of the vessels 
indicated that it could be recovered within 5 per cent as long as 
the solutions contained nothing that reacted with the HS. This 
method has been used for all of the present work that was done in 
Warburg vessels. When larger amounts of material were used, a 
similar absorbing inset was arranged or the H,S was aerated into 
cadmium acetate. 

The first experiments were all carried out with tissue slices sus- 
pended in either phosphate or bicarbonate buffer. The production 
of HS was greater under anaerobic than under aerobic conditions, 
so that in the experiments that follow the conditions were always 
anaerobic unless stated to be otherwise. 

Rat, dog, human, beef, rabbit, pork, and guinea pig livers were 
tested. They all produced some H.S from cysteine. Rat liver 
was the most active. It produced on an average, 0.3 mg. of sulfur 
as H.S per gm. of fresh liver in 2 hours when cysteine was present 
in excess. If the activity of rat liver is taken as 100, the activities 
of the others were 60, 50, 18, 5,3, and 1 respectively. The activity 
of rat kidney was 1, that of rat muscle was less than 1, and that of 
brain was 0. In the rest of this report only the results with rat 
liver will be considered. The rats had been receiving a Purina 
dog chow diet ad libitum. 

Essentially all of the activity of liver could be extracted with 
0.9 per cent NaCl after grinding in a mortar with sand. 2.0 ml. of 
saline per gm. of liver were usually employed. After centrifuga- 
tion this yielded about 2.0 ml. of extract. Some additional active 
material could be obtained by a second extraction, but the con- 
centration was much lower. Such saline extracts were relatively 
stable but lost activity slowly even at 0°, becoming almost com- 
pletely inactive in 10 days. Such extracts could be dialyzed in 
cellophane tubes against cold running tap water for 24 hours with- 
out appreciable loss in activity. A heavy precipitate developed 
as a result of such dialysis, but it did not contain appreciable 
amounts of active material. The supernatant from this precipitate 
was more stable than the original extract. Heating at 85° for 10 
minutes inactivated all the extracts tested. Inactivation was 
slow at 50°, but it was rapid at 60°. 
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The extracts were most active at pH 7.4 to 7.8. The active 
material could be precipitated by saturating the solution with 
ammonium sulfate or by the addition of organic solvents such as 
alcohol or acetone. Toluene or chloroform could be employed as 
antiseptics without effect on the activity. 0.007 m KCN caused 
almost complete inhibition of activity as judged by the HS ob- 
tained. 0.03 m NaF had no inhibiting effect. 

Liver slices or extracts produced small amounts of H.S without 
added substrate. Controls were run to determine this amount 
but in many cases it was negligible in 2 to 3 hour experiments com- 
pared with the amounts produced from added cysteine. The 
addition of glutathione instead of cysteine resulted in the produc- 
tion of only very small amounts of H.S. These small amounts 
can probably be accounted for by a small production of cysteine 
from the glutathione. Concentrations of methionine and thiogly- 
colic acid similar to that of cysteine did not yield significant 
quantities of H,S within 2 to 3 hours. dl-Homocysteine yielded 
small amounts of H.S but the enzyme activity was only about one- 
tenth as great with this substrate as with cysteine. 

The amounts of H,S produced from varying amounts of added 
cysteine and enzyme preparations in different times are shown in 
Table I. It may be observed that in a number of cases the H,S 
produced was approximately equivalent to 50 per cent of the 
cysteine added. The same approximation holds for many experi- 
ments not shown in Table I. However, it is apparent from the 5 
hour experiments shown and from Table II that 50 per cent is not 
to be regarded as an end-point. 

A comparison of the cysteine consumed and the H.S produced 
is shown in Table II. In order to distinguish between cysteine 
that may have been oxidized to cystine and cysteine that was con- 
verted to other material we have determined both the reducing 
power to iodine and the cystine content after the cysteine was 
oxidized by air. The titration with iodine was carried out after 
the solution had been deproteinized with metaphosphoric acid or 
trichloroacetic acid and made 1.0 m with sulfuric acid. The re- 
sults were compared with titrations of the same enzyme prepara- 
tion plus known amounts of cysteine. The Sullivan and Hess 
method (4) for evstine was applied to the neutralized deproteinized 
solution after a trace of copper sulfate had been added to serve as 
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a catalyst and the solutions aerated until the nitroprusside reaction 
was negative. The colors were compared with controls made from 
known amounts of cystine or of cysteine treated in the same way. 
The difference between the results for cystine and the iodine titra- 
tion is thought to indicate a production of cystine from cysteine 
during the experiment. The experiments were carried out in 


TaBLeE I 
Hydrogen Sulfide Production by Liver Extract Plus Cysteine 
Phosphate buffer, pH 7.6 under nitrogen; 7’, 37°. 


Enzyme used Time of reaction Cysteine added HS produced 
ml. saline extract Ars. mg. S mg. S 
2.0 2.0 0.18 0.08 
2.0 2.0 0.35 0.19 
2.0 2.0 0.53 0.25 
2.0 2.0 0.70 0.32 
2.0 2.0 1.05 0.39 
2.0 2.0 1.40 0.38 
0.5 2.0 0.70 0.03 
1.0 2.0 0.70 0.11 
1.5 2.0 0.70 0.17 
2.0 2.0 0.70 0.21 
2.5 2.0 0.70 0.25 
2.0 1.0 0.70 0.15 
2.0 2.0 0.70 0.31 
2.0 3.0 0.70 0.36 
2.0 5.0 0.70 0.42 
2.0 5.0 0.70 + 0.70* 0.63 
2.0 + 2.0T 5.0 0.70 0.40 


* After 3 hours, the second 0.70 mg. portion of gysteine was added (caus- 
ing an increased H,S production). 

+ After 3 hours, the second 2.0 ml. of extract were added (without an 
increased H,S production). 
phosphate buffer under Ns. The evidence that the nitrogen did 
not contain enough oxygen to produce such an amount of eystine 
by simple autoxidation is that if the enzyme preparation was 
omitted the cystine was not found. The formation of the cystine 
may, however, be entirely independent of the reaction producing 
H.S. It is apparent from Table II that the HS obtained does not 
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account for all the sulfur that disappeared as cysteine or cystine. 
This point will be discussed later. In ten experiments not shown 
in Table II the H,S obtained accounted for an average of 66.6 per 
cent of the sulfur of the cysteine consumed. 

The above results bring up the question of what happens to 
the rest of the cysteine molecule. If we assume that no prelimi- 


Tasie II 
Cysteine Lost and Hydrogen Sulfide Formed 
2.0 ml. portions of liver extract in phosphate buffer, pH 7.6, under 
nitrogen; 7’, 37°. The first six experiments were with the same enzyme 
preparation; the last four experiments were each with a different enzyme 
preparation. 


| 
| 


- a ——s "maining & | ‘Satine re us produced lon resovered 
mg. S hrs. mg. S mg. 8 mg. S per cent 
0.70 1 0.42 0.46 | 0.15 62.5 
0.70 ss} ||) et TY "Ra? ae 86.0 
0.70 3 0.07 | O<.19 | 0.36 70.5 
0.70 5 0.03 | 0.17 | 0.42 79.2 
0.70 5 0.06 0.17 0.40 75.5 
1.40 5 0.10 0.48 0.63 68.5 
0.70 2 0.45 0.53 0.09 52.9 
0.70 2 0.39 0.47 0.13 56.5 
0.70 2 0.25 0.39 8| 0.25 80.5 
0.70 2 0.18 0.21 | 0.31 63.2 

Average... 5, Gein stn usb grab ds uate bk omc oot, dts ated ea da 69.5 





* Cysteine S here includes the cystine S, since the latter represents 
available S, essentially unchanged by the enzyme. The cysteine § lost is 
given by the first column minus the fourth column. 


nary reactions are involved, there would seem to be three simple 
reactions by which H,S might be formed from cysteine. They are 
(1) CH,SHCHNH,COOH + H,O = CH,OHCHNH,COOH + HS 


(2) CH,SHCHNH,COOH + H, = CH;CHNH,COOH + HS 
(3) CH.SHCHNH,COOH = CH;=CNH,COOH + H,S 


The possible occurrence of Reaction 1 was tested by two methods 
of detecting serine. One was the method of Rappoport (5), which 
consists of deaminizing and treating the resulting glyceric acid 
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with naphthoresorcinol to give a blue color. The application of 
this method to liver extract gave very strong brown colors. The 
brown color could be diminished by using a dialyzed enzyme prep- 
aration, removing the products of the reaction by dialysis, and 
applying the test to the concentrated dialysate. Added serine 
gave an easily detected color under these conditions, but we could 
not obtain any blue color from the test solutions. The other 
method consists of treating the solutions with ninhydrin, removing 
the volatile aldehydes, and forming the dimedon compound of the 
remaining aldehydes (6). No glycolaldehyde compound could be 
obtained. From these results we conclude that Reaction 1 did 
not occur to an appreciable extent. 

The possible occurrence of Reaction 2 was tested by two methods 
of detecting alanine. One was the method of Virtanen et al. (7) 
which consists of reacting with ninhydrin and determining the 
acetaldehyde formed by aerating it into bisulfite as in a well known 
lactic acid determination. Any preformed volatile aldehydes were 
first removed. The other method was that of Block et al. (8) 
which consists of deamination, oxidation with lead tetraacetate, 
and aeration of the acetaldehyde into p-hydroxydiphenyl. The 
difference in the red color produced before and after deamination 
represents the alanine. Both of these methods gave consistently 
positive results for the presence of alanine in the solutions. Quan- 
titatively, however, the results varied all the way from an amount 
of alanine equivalent to about 1 per cent of the HS produced to 
about 26 per cent of the H:S produced. In no case could the 
alanine be considered the main product of the reaction and the 
rariability of the amount produced suggested that it was either 
a secondary product (7.e., produced from the primary products) or 
the main product of a side reaction. 

The product of Reaction 3, aminoacrylic acid, is an unstable 
compound (9) and its fate if produced in an extract is not certain. 
It is an isomer of the imino acid (dehydroalanine) believed to be 
produced in the enzymatic oxidation of alanine. The imino acid 
is believed to break down spontaneously to form pyruvic acid and 
ammonia; therefore it seemed probable that aminoacrylic acid 
might do the same. However, tests for these two products when 
either liver slices or certain liver extracts were employed showed 
only small amounts of either to be present. Fromageot, Wookey, 
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and Chaix (2) reported that ammonia was not formed in their ex- 
periments. However, since both pyruvic acid and ammonia can 
be utilized by liver, it seemed likely that a somewhat purified 
enzyme preparation might make their demonstration easier if they 
were formed. The simplest way found of preparing an extract 
sufficiently purified for this purpose was to treat the saline extract 
with an equal volume of chloroform (10) and shake vigorously for 
20 minutes. After centrifugation the aqueous layer could be 
decanted. The volume recovered was somewhat diminished 
(about 80 per cent), but the activity per unit volume was practi- 
cally unchanged. At the end of 2 hour experiments with such 
extracts, the presence of both pyruvic acid and ammonia was 

sadily demonstrated. The amounts found are recorded in Table 
III. The ammonia was determined in the deproteinized solutions 
by aerating it from an alkaline solution into dilute HCl followed 
by nesslerization. Controls were made up in the same way, but 
stopped at zero time. The pyruvic acid was determined on the 
unfractionated solutions by lowering the pH of the solutions to 5.0 
with acetate buffer and measuring the CO, produced by a car- 
boxylase preparation from yeast (11). 

The use of this method requires some explanation, for it fre- 
quently gives low recoveries of pyruvic acid added to liver ex- 
tracts. Different extracts prepared as described above differed 
considerably in this respect. With some of them, almost theoreti- 
eal recovery was obtained, while with others only low recoveries 
were obtained even on very short standing. For example, in one 
case 429 c.mm, of CO, were obtained from water and only 317 ¢.mm. 
from an extract after standing 10 minutes at pH 5.0 in the absence 
of oxygen. In another case 211 ¢.mm. were obtained from water 
and only 77 c.mm. from an extract. In general the recovery was 
lower the longer the pyruvate was in contact with the extract. 
The addition of arsenous acid to the extracts improved the 
recovery of added pyruvic acid, but did not prevent some loss. 
The results suggest that some pyruvate-enzyme system was active 
to a varying degree in our preparations. A factor could be used 
to correct for the low recovery as far as added pyruvic acid is con- 
cerned, but in the present experiments any correction would be 
rather uncertain, for the pyruvic acid was produced gradually over 
a considerable period of time. We have accordingly not applied 
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any correction, even though we have shown the recovery to be low 
in the extracts used. The figures in Table III are those actually 
determined. 

In three experiments the contents of seven or more Warburg 
vessels were pooled and the pyruvic acid was isolated as the 2,4- 
dinitrophenylhydrazone. The isolation was accomplished by 


Taste III 
Conversion of Cysteine to Hydrogen Sulfide, Pyruvic Acid, and Ammonia 


2.0 ml. of chloroform-treated liver extract in phosphate buffer, pH 7.6; 
under nitrogen; 7, 37°; time of reaction, 2 hours; cysteine added, 20.0 x 


10-* mole. 


H28 produced Pyruvic acid produced Ammonia produced 
mole X 10-* mole X 10-* mole X 10-* 
8.6 5.2 9.5 
11.0 4.9 10.1 
8.0 5.9 8.9 
9.7 4.4 6.0 
9.1 7.6 7.6 
9.7 4.9 5.3 
4.1 2.3 2.4 
7.2 4.7 4.1 
6.7 6.5 
7.5 4.0 
8.4 5.1 
7.0 3.7 
9.7 5.0 
5.5 7.3 
11.4 15.1 
3.6 3.5 
Average 8.0 4.9 7.3 
ere © t.4 9.3 


* Average of six aerobic experiments. 


extraction with ethyl acetate and then with sodium carbonate 
(12, 13). Each extraction was repeated three times. The final 
precipitation was made by acidifying a sodium carbonate solution. 
The precipitate was washed with 0.1 m HCl and dried in vacuo over 
drierite. The average yield was 52.5 per cent of the carboxylase 
value. The melting point was 214° (uncorrected). The mixed 
melting point with known pyruvic acid dinitrophenylhydrazone 
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was 214°. An equal amount of extract without added cysteine did 
not yield any product by the same method. 

From the above results it seems clear that pyruvic acid and 
ammonia are major products in the utilization of cysteine under 
the conditions of study. The yields indicate that other products 
were probably present. The isolation and identification of these 
other products were attempted, but not concluded. It appears 
likely that they are, at least to a considerable extent, formed by 
secondary reactions involving pyruvic acid, ammonia, H.S, and 
possibly cysteine. The following points are in harmony with this 
view. Pyruvie acid is known to react with liver preparations 
(14-20), with ammonia in the presence of tissue preparations 
(14-16, 18, 19), with amino acids (20, 21), with H.S,! and with the 
—SH group of cysteine (22). The H.S obtained is always less 
than the cysteine or cystine used. By repeated additions of cys- 
teine to the same enzyme preparation, the amount of H,S produced 
could be increased far beyond the amounts reported. The 
enzyme was still active after 24 hours. However, at the end 
of such 24 hour experiments very little or no pyruvic acid could 
be demonstrated. Since the pyruvic acid could be demonstrated in 
relatively good yields in short experiments, it seems clear that it 
must have been converted to other products. 

While the formation of pyruvic acid, ammonia, and H,S is 
compatible with the mechanism indicated in Reaction 3, there 
are other equally simple alternatives. For example, 


(4) CH,SHCHNH,COOH = CH,SHC=NHCOOH + H, 
(5) CH,SHC=NHCOOH + H,O = CH,ASHCOCOOH + NH; 
(6) CH,SHCOCOOH + H, = CH;COCOOH + HS 


Such considerations have an obvious bearing on the question of 
naming the enzyme involved. Fromageot and coworkers have 
suggested the name desulfurase. Since the reaction is relatively 
specific for cysteine, such a name should at least be qualified and 
made cysteine desulfurase. However, in the light of the possibility 
shown in Reactions 4, 5, and 6 this name may not be applicable. 
Perhaps, the choice of name should await the elucidation of the 
mechanism. 

When cystine was added to the liver preparations instead of 


! Unpublished results of this laboratory. 


{ 
: 
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cysteine, smaller amounts of H2S were obtained. However, when 
the solutions were analyzed for ammonia and pyruvic acid, these 
products were found in amounts essentially the same as when 
cysteine was used. The amounts obtained are recorded in Table 
IV along with other pertinent data. 

The pyruvic acid was isolated from the cystine experiments as 
the dinitrophenylhydrazone in the same way as described above 
for the cysteine experiments. It melted at 214°. 


TaBLe IV 
Reactions of Cystine Induced by Liver Extract 


The production of various products by 2.0 ml. of chloroform-treated 
liver extract in phosphate buffer, pH 7.6; under nitrogen; 7, 37°; cystine 
added, 20.0 X 10-* mole. 


Cystine lost 


: Pyruvie acid Ammonia Cysteine exclusive of 
2S cec S prod ‘ ‘ : 
H:S produced produced produced produced produced cysteine 
formed) 


mole X 10-* mole X 10-* mole X 10-* mole X 10-* mole X 10~* mole X 10-* 


4.1 5.6 3.4 6.1 2.4 7.3 
3.0 8.9 3.3 4.1 6.0 10.5 
5.7* 4.8 6.1 0.4 6.5 
2.1* 10.0 6.4 5.3 6.0 10.7 
3.3 4.2 8.8 

2.1 3.4 4.0 7.0 12.0 

4.0 10.3 7.1 

4.4 6.6 6.5 8.6 

5.0 7.5 5.4 

3.0 2.0 2.4 


* Aerobic experiments. 


The relatively low H:S values obtained with cystine suggested 
the following considerations. If H:S were produced in a solution 
containing cystine, it seemed possible that an interaction would 
occur as follows: RSSR + HS = 2RSH + 8. That cysteine 
was formed in the reaction was easily demonstrated by iodine 
titration and the values found are shown in Table IV. That 
sulfur was present was demonstrated by pooling the contents 
of several vessels, adding to the solution an equal volume of 
concentrated HCl, centrifuging, washing the precipitate with 
concentrated HCl, extracting the residue with absolute alcohol, 
evaporating the alcohol, oxidizing with HNO; + KCI10Os;, and 











C. V. Smythe 397 


precipitating the sulfate with BaCl,. Since such a method is not 
readily applied on a micro scale, we have sought another one and 
found that the reaction of sulfur with sulfhydryl groups could be 
made the basis for an adequate method. Guthrie (23) has pro- 
posed a method of determining glutathione based on the measure- 
ment of the HS produced by the reaction of glutathione with 
excess sulfur. The reaction involved is 2GSH + 8 = GSSG + 
H.S. As Guthrie realized, the reaction is not specific for gluta- 
thione, but is given by other sulfhydryl groups. We have tested 
the reaction, using both cysteine and thioglycolic acid, and have 
found it to be satisfactory. To determine §8 by such a method 
it is only necessary to use an excess of the sulfhydryl compound and 
to measure the H.S produced. We have carried out the reaction 
in Warburg vessels, absorbing the H.S in cadmium acetate placed 
in the inset as described above. Quantities of sulfur from 0.05 
to 1.0 mg. could be determined with an accuracy of +5.0 per cent 
by using 1.0 ml. of 0.25 N cysteine and allowing the reaction to 
proceed for 2 hours at 37° and pH 6.8. The sulfur to be deter- 
mined was dissolved in absolute alcohol after most of the other 
material present had been dissolved in concentrated HCl. 1.0 ml. 
of hot alcohol readily dissolves 0.5 mg. of 8 and the solution remains 
clear on cooling. 2 ml. of such a solution can be added to a War- 
burg vessel containing an aqueous buffer and cysteine solution in 
such concentration that the total volume is 3.0 to 3.5 ml. Some 
precipitation may occur but this does not prevent the reaction 
from taking place. The reaction will occur in the absence of any 
solvent other than water, but it is considerably slower under such 
conditions. Some results obtained by this method are shown in 
Table IV. Small amounts of sulfur were also obtained in several 
cysteine experiments. 

Aerobic experiments were carried out similarly with both 
cysteine and cystine. The formation of pyruvic acid and am- 
monia from each of them and the formation of sulfur from cystine 
occurred just as readily as anaerobically (Tables IIIandIV). The 
amounts of H.S obtained from cysteine were considerably smaller 
(Table III), which may indicate the formation of sulfur and of 
sulfate (24). 

Serine and threonine were tested for keto acid formation under 
the same conditions as described above. With chloroform-treated 
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extracts that showed good pyruvic acid formation from cysteine 
and cystine no carboxylase reaction was obtained from either of 
the hydroxyamino acids under either aerobic or anaerobic 
conditions. 
DISCUSSION 

The extent to which the reactions described occur physiologically 
is not known. Presumably the formation of H,S would be limited 
by the relatively low concentrations of free cysteine and cystine 
that occur normally. When cysteine or cystine is fed or injected, 
however, the reactions reported here would be expected to play a 
significant réle. The phlorhizinized dog is known to convert the 
carbon of ingested cysteine to glycogen (25). This might well 
oecur via the formation of pyruvic acid, as reported here. The 
sulfur of ingested cysteine is known to be converted in part, at 
least, into inorganic sulfate by the intact animal (25) and by liver 
slices (24). The sulfur of ingested cystine is largely converted to 
sulfate by an intact animal (26) but not by tissue slices (24). A 
common assumption has been that the oxidation of cysteine sulfur 
occurs before it is split from the carbon. This procedure is, of 
course, possible, but the oxidation may equally well occur after 
the sulfur is converted to H2S, as has been demonstrated by the 
injection of NaS (27) intravenously and as probably occurs with 
the H.S absorbed from the intestinal tract. HS is, of course, a 
very toxic substance (28). The effect of its production in the 
liver would undoubtedly depend upon the relative rates of its 
production and detoxication. It is now well recognized that the 
feeding of free cysteine or cystine may be very toxic to young white 
rats (29, 30). The fact that this toxicity may be prevented by 
labile methyl groups (31-33) does not necessarily explain why the 
cysteine is toxic. One reason for the toxicity may be the production 
of HS. The fact that dimethyl sulfone has been isolated from 
tissues (34, 35) may indicate that H.S is in part detoxified by 
methylation. If the production of HS were a principal reason 
for the toxicity of cysteine, one might expect that the toxicity 
would not necessarily be proportional to the amount of cysteine or 
cystine fed but only to the amount converted to H,S; 7.e., the 
toxicity would be determined by the amount and activity of the 
enzyme present. On this basis cysteine should not be toxic to 
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guinea pigs. It is interesting to note that in a recent paper Griffith 
(32) reported that the damage done by feeding cystine to rats is 
not proportional to the amount of cystine fed and that the amount 
of choline required to protect against 1 per cent cystine is no 
greater than the amount required to protect against 0.3 per cent 
cystine. 

Although the reversal of the reaction described here has not 
yet been demonstrated, it may be noted that the combination of 
H.S with aminoacrylic acid has been postulated (9) as a mechanism 
for the formation of cysteine in tissues. An approach to the 
reaction has been described recently (36) in which NaS is added 
to proteins in alkaline solution. The alkaline proteins are thought 
to contain peptides of aminoacrylic acid formed by dehydration of 
serine molecules and so the addition of NaeS results in cysteine 
formation. A reversal of the H,S-forming reaction may be in- 
volved in the conversion of methionine to cysteine. 

It should also be pointed out that sodium hydroxide in the 
inset of a Warburg vessel absorbs H:S produced in the vessel. 
Consequently, experiments on respiratory quotients of liver prepa- 
rations in the presence of cysteine, performed by using two vessels 
one of which contains alkali, may be seriously in error, for the 
contents of these two vessels are subjected to different H:S con- 


centrations. 


SUMMARY 


The production of hydrogen sulfide from cysteine and from 
cystine by the liver of the rat and certain other species has been 
described. Pyruvie acid and ammonia have been demonstrated 
to be other principal products of the reaction on both substrates. 
Elementary sulfur has been shown to be formed from cystine and 
to a small extent from cysteine. A method of determining small 
amounts of sulfur has been described. Some properties of the 
enzyme system involved have been studied and the possible 
importance of the reactions has been discussed. 
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The rat is a mammalian species of laboratory animal in which 
the synthesis of nicotinic acid has been definitely demonstrated. 
The literature is reviewed by Shourie and Swaminathan (1) and by 
Dann and Kohn (2). Shourie and Swaminathan’s (1) conclusion 
that rats synthesize nicotinic acid is based on their finding an excess 
of nicotinic acid in the urine and feces of rats fed over a long period 
of time a diet very low in nicotinic acid. Since they did not 
determine the trigonelline in the excreta, and since trigonelline, as 
will be seen below, constitutes a major part of the normal nicotinic 
acid excretion in rats, their conclusions are based on an under- 
estimate of the capacity of the rat to synthesize nicotinic acid. 
The analyses of the tissues which these authors quote also show 
approximately the same nicotinic acid content in the liver, muscle, 
and blood of rats fed on low and high intakes of nicotinic acid. 

Dann and Kohn (2) showed, by the coenzyme estimations in 
tissues, that rats are able to synthesize coenzyme and nicotinic acid 
itself on low nicotinic acid intake in their diets. In the later work 
of Dann (3) the above conclusions were definitely confirmed by 
direct analysis of nicotinic acid in tissues of rats raised on diets low 
in nicotinic acid. 

In view of the facts that the rat, in distinction to man and dog, 
synthesizes nicotinic acid and, therefore, does not require it from 


* The expenses of this investigation were defrayed in part from a grant 
by the John and Mary R. Markle Foundation. 
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external sources, it was deemed particularly interesting tostudy 
the metabolism of nicotinic acid and its derivatives in this species. 
As stated above, the only metabolic study reported thus far in the 
literature, that of Shourie and Swaminathan (1), was inadequate, 
because it did not include the determination of trigonelline in the 
excreta. 

The data presented in this communication deal with the follow- 
ing topics: the relation of nicotinic acid excretion to food intake 
and the fate of nicotinic acid and its derivatives when administered 
to rats; the synthesis of nicotinic acid in rats from known nitrog- 
enous precursors; and saturation experiments. 


Urinary Excretion of Nicotinic Acid in Rats on Diets Containing 

Protein and Metabolism of Ingested Nicotinic Acid Derivatives 

Adult white rats of 250 to 300 gm. were used in this study. 
They were placed in groups of three or four rats of the same sex 
in roomy cages permitting the separate collection of urine and 
feces. The excreta were analyzed by the methods described 
previously (4, 5). 

In the first series of experiments three groups, one of females and 
two of males, of four rats each were placed on a diet consisting of 
crude casein 14 gm., yellow corn-meal 76 gm., cottonseed oil 5 gm., 
cod liver oil 2 gm., CaCO; 1 gm., CaHPO, 1 gm., and NaCl 1 gm. 
The corn-meal and the salts were cooked in a double boiler with 
400 cc. of water; the mixture was allowed to cool somewhat and the 
casein and the oils were then thoroughly mixed in. A supplement 
sufficient to provide 15 y of thiamine and 10 y of riboflavin per rat 
per day was also incorporated into the mixture. This is sub- 
stantially the same diet as that used by Sarett (6) in Paper II of 
this series dealing with the metabolism of nicotinic acid in dogs. 

The diet as fed contained 1.2 y of nicotinic acid per gm. Its 
trigonelline content was too low to be determined accurately. The 
rats consumed on the average 110 gm. per animal perday. Water 
was allowed ad libitum in addition. Adequate urine volumes of 
30 to 50 cc. per rat per 24 hours were usually obtained. The rats 
maintained their weight on this diet, gaining on the average about 
15 gm. in 30 days. 

On an average intake of about 110 gm. of the above diet, the 
daily intake per rat was 5 gm. of protein (1.5 gm. of casein + 3.5 
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gm. of corn-meal protein) and 130 y of nicotinic acid. The three 
groups of rats were maintained for 6 days on this diet, then the in- 
take of food was reduced by one-half for 4 days, and finally the rats 
were fasted for 5 days. The data in Table I show the averaged 
results for twelve rats of the analyses of 24 hour urines collected 
under these dietary conditions. 


TABLE | 

Urinary Excretion of Nicotinic Acid in Rats As Affected by Food Intake and 
Ingestion of Nicotinic Acid and Its Derivatives 

The values given are in micrograms per rat per day, the averages for 

twelve adult rats. 





Day NA* Trigonelline, Totalt Diet 
- | 

1 41 220 | 239 | Corn-meal + casein, 6 days; pro- 
3 45 | 193 219 tein intake, 5 gm. per rat per 
6 28 1022 | 120 | day 

10 26 86 103. | After 4 days on one-half of above 

| | diet 

1 21 ihe 90 | After 5 days fasting 
l 26 561 | 535 | Above diet, after single dose of 1.5 
2 26 155 | 16 | mg. trigonelline 
3 26 122 | 136 | 
] 654 301 | 925 Above diet, after single dose of 2.2 
2 | 45 149 | 178 | mg. nicotinuric acid (1.5 mg. 

| | nicotinic acid) 

1 | 101 | 551 | 624 | Same diet, single dose of 1.5 mg. 
2 | 32 152 | 168 nicotinamide 
1 244 957 1106 | Same diet, single dose of 3.0 mg. 
5 37 148 | 170 nicotinic acid 

7 197 858 | 969 | 3.0 mg. nicotinic acid + 0.5 gm. 

glycine 


* NA includes all nicotinic acid derivatives hydrolyzable by boiling with 


6n HCl. 
t Total represents the sum of NA and trigonelline calculated in terms of 


nicotinic acid. 


In the first 6 days of ingesting this diet the NA fraction (total 
hydrolyzed with 6 n HCl) decreased from about 45 y per rat per 
day to 28 y. The trigonelline fraction which was initially 220 7 
per rat per day declined to 102 y. These decreases may be ex- 
plained by the fact that, before being placed on the experimental 
diet, the rats had been maintained for a long time on a ration con- 
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taining a liver concentrate and a commerical biscuit including a 
large proportion of bean meal of high trigonelline content. 

The average output per rat per day of the total nicotinic acid 
derivatives amounted to 120 y. This corresponds to the estimated 
average intake of 130 y of nicotinic acid per day in the food. Un- 
fortunately, the nicotinic acid content of the feces was not de- 
termined in this experiment. From subsequent experiments 
(Tables IV and V) it was found that the total nicotinic acid content 
of the feces varied between 40 and 90 y per rat per day. It is ap- 
parent, therefore, that on an intake of approximately 0.4 mg. per 
kilo of body weight the rats excreted an excess of nicotinic acid. 
This was confirmed in the subsequent experiments with nicotinic 
acid-free diets, described below. 

When the daily food allowance was reduced by one-half for 4 
days, the trigonelline fraction was reduced still further to 86 y. 
After 5 days of complete fasting the level of both fractions was re- 
duced to uniformly low values. The total of both fractions was 
then 90 y per rat per day. While the animals lost on the average 
10 gm. in weight during this fasting period, there was apparently 
some conservation of the nicotinic acid stores, rather than loss, with 
the attendant tissue breakdown. The levels reached on 5 days of 
fasting were not as low as those subsequently attained when the 
rats were placed on a protein-free diet (Table II), but it is clear 
that in the rat the major end-product of nicotinic acid metabolism 
and excretion is trigonelline, as it is in man and in the dog (5, 6), but 
not in the rabbit." 

The effects of relatively small single doses of trigonelline, nico- 
tinuric acid, nicotinamide, and of nicotinic acid, ingested with the 
food, on the urinary excretion are also shown in Table I. Several 
interesting aspects, apparently peculiar to the rat, are manifested. 

After the ingestion of 1.5 mg. of trigonelline there is in the first 
2 or 3 days an increase in the trigonelline fraction of the urine, ac- 
counting for 25 to 30 per cent of the ingested dose. In the other 
species studied (man, dog, rabbit) the ingested trigonelline is al- 
most completely excreted in the first 2days. There is no evidence 
under these conditions of trigonelline being stored in the tissues and 
slowly excreted subsequently. 

Ingested nicotinuric acid, which is eliminated completely and 
unchanged by man, dog, and rabbit, is apparently hydrolyzed and 


1 Huff, J. W., and Perlzweig, W. A., unpublished data. 
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otherwise metabolized by the rat. This conclusion is based on the 
prompt increase in the urinary trigonelline and in the finding that 
the very large increase in the acid-hydrolyzable fraction (NA) is 
due not to unchanged nicotinuric acid but to nicotinic acid. Only 
negligible amounts of nicotinuric acid and possibly of nicotinamide 
could be found in the urine in the first 2 days following its inges- 
tion. Only after the repeated administration of larger doses of 
nicotinuric acid did a portion of this compound appear unchanged 
in the urine of male rats. Female rats appear to have a greater 
capacity for splitting it than males. 

After a single dose of 1.5 mg. of nicotinamide about 30 per cent 
of it was excreted as trigonelline and about 5 per cent as the un- 
changed amide. Very little, if any, nicotinuric acid was formed. 

Of a 3 mg. dose of nicotinic acid the rats excreted about 30 per 
cent as trigonelline and about 7 per cent as the unchanged acid in 
the urine the first 2days. Here again, only very small amounts of 
nicotinuric acid and possibly of the amide were excreted. 

In an attempt to facilitate the synthesis of nicotinuric acid 
glycine was fed together with the nicotinic acid. The effect upon 
the fractions found in the urine was almost exactly the same as 
after feeding nicotinic acid alone. No increase in the small nico- 
tinuric acid component could be found. 


Synthesis of Nicotinic Acid in Rat and Dietary Factors A ffecting It 


In order to study the synthesis of nicotinic acid in the rat by 
means of metabolism experiments it became clear that it was neces- 
sary to resort to protein-free diets. 

Guggenheim in the second edition of his excellent monograph 
(7) postulates the following hypothesis concerning the biosynthesis 
of nicotinic acid. 


Ornithine —NH, _H, 
___ 6-aminovaleric acid ——> 
proline +H; 


; , ., +CH,0 —. eT 
5-aminodehydrovaleric acid —-_—> guvacin ——> nicotinic acid 


—H,0 


? The method of approximate estimation of the components of the acid- 
hydrolyzable fraction, by means of comparison of the color values obtained 
from unhydrolyzed urine with those from urine hydrolyzed with 1 and 6 Nn 
HCl, is described in a preceding paper (5). 
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This hypothesis furnished a general approach to the problem of 
metabolic experiments in rats. 


TaBLe II 
Effect of Protein-Free Diet and of Addition of Nitrogen Compounds to This 
Diet on Urinary Excretion of Nicotinic Acid Derivatives 
The values are given in micrograms per rat per day. 


Group A, 4 females Group B, 4 males Group C, 4 males 
2 e 2 
Day a 2 2 
. g 3 “~ . g 3 c . g | c) 
Me = Mt = = “a = 
< ‘c $ 2 < c ° s < c ° rz 
Zz = - = Zz = - = Z = = = 


For comparison, urine sample from corn-meal + casein diet (Table I) 
| 25 | 131 | 143 | 35 | 108 | 132 | 25 | 68| 86 | 


| 
! 


Protein-free diet after 3 days fasting 








gm. gm. gm. 
4 23 52 70 | 301 29 46 70} 352 25 | 114] 128] 314 
5 21 36 | 53 27 49 | 71 26 84 | 102 
6 19 51 65 31 42 69 30 97 | 117 
7 18 53 66 | 300 | 26 39 61 | 345 | 24 54 73 | 309 
25 mg. choline daily, alice! aera 1 gm. glycine daily, 
. n-valeric acid 
4 days : 4 days 
’ daily, 4 days 
8 24 92 | 107 30 97 | 117 25 117-130 
9 24 112 | 125 32 112 | 133 24 134 145 
10 18 131 136 28 152 165 23 140 149 
11 32 | 141 | 159 35 | 205 | 220 44 143 | 173 
Protein-free diet 
12 18 77 88 32 | 123 143 20 91 102 
13 20 103 | 113 23 77 93 22 77 92 


14 21 123 | 132 | 280 | 24 92 | 107 | 331 27 96 | 114 | 288 

* NA includes all nicotinic acid derivatives hydrolyzable by boiling with 
6s HCl. 

t Total represents the sum of NA and trigonelline calculated in terms of 
nicotinic acid. 

The three groups of four rats each used in the above series of ex- 
periments were placed on a protein-free and nicotinic acid-free 
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diet, the basal levels of nicotinic acid excretion established, and the 
effect of administering orally and parenterally various nitrogenous 
compounds and protein on the excretion were studied. 

The diet consisted of corn-starch 18, cottonseed oil 1, cod liver 
oil 0.4, CaCO; 0.2, CaHPO, 0.2, NaCl 0.2, and water 80 per cent. 
The corn-starch was mixed to a thick paste with water and poured 
into an excess of boiling water containing the salts. The starch 
solution was then autoclaved at 15 pounds for 30 minutes. While 
the solution was still warm, the oils and the vitamin B supplements 
were mixed in to produce a homogeneous mass which solidified on 
cooling to a gel. The vitamin B supplement added was sufficient 
to provide 15 y of thiamine, 10 y of riboflavin, and 15 y of pyri- 
doxine per rat per day. By analysis, the corn-starch used in this 
diet contained 0.5 y of nicotinic acid per gm. 

The rats consumed on the average 75 gm. of this diet per day. 
In the first 21 days of this régime they lost 20 to 30 gm. in weight. 

After the first 4 days on the protein-free diet, following 3 days of 
fasting, the rats reached a fairly constant basal level of excretion of 
total nicotinic acid derivatives in the urine, the average for the 
three groups being 67 y per rat per day (Table II) on an estimated 
intake of approximately 7 y of nicotinic acid in the food. Of this 
amount the trigonelline constituted 60 to 70 per cent, the re- 
mainder being the acid-hydrolyzable fraction (NA). This level of 
urinary excretion was about one-half of that found when these rats 
were on the casein+corn-meal diet. While the feces were not 
analyzed in this experiment, the analyses given in Tables IV and V 
on other rats on the same diet indicate additional excretion in the 
feces of 40 to 90 y per rat per day. The total excretion of all 
determined nicotinic acid derivatives in the urine and feces in the 
adult rat on a protein-free, nicotinic acid-free diet ranged in our 
experiments from 70 to 165 y, expressed as nicotinic acid. 

The effect of adding three different sources of nitrogen was then 
tried: to the food of Group A, 25 mg. of choline (as the hydro- 
chloride), a basic amine which may also serve as a donor of the 
methyl group; to Group B, 100 mg. of dl-é-amino-n-valeric acid, 
because of the possible réle assigned to this amino acid in Guggen- 
heim’s hypothesis of the synthesis of nicotinic acid referred to 
above; and to Group C, 1 gm. of glycine as the simplest of the 
amino acids and as an abundant source of conjugation with nico- 
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tinic acid to form nicotinuric acid. These additions were made for 
4 days, and the urine data are shown in Table Il. The results were 
immediate and striking. On the very Ist day the trigonelline ex- 
cretion in the rats of all three groups was increased by choline 
74, by 6-aminovaleric acid 149, and by glycine 117 per cent, while 
the acid-hydrolyzable fraction (NA) remained practically un- 
changed. These increases in the trigonelline fraction in the urine 
of the three groups progressed for the 4 days as long as the nitrogen 
compounds were fed, and decreased at once, almost as spectacu- 
larly, when the additions were discontinued. It will be observed 
that the largest effect was produced by feeding 100 mg. of 6-amino- 
valeric acid, larger than that produced by feeding 1 gm. of glycine; 
and 25 mg. of choline had almost the same effect as 1 gm. of gly- 
cine. The qualitative and quantitative significance of these results 
requires further extensive investigation. It is clear, however, that 
the feeding of choline did not result in more extensive methylation 
of the nicotinic acid, nor did the feeding of glycine cause an in- 
creased excretion of nicotinuric acid at the expense of the trigonel- 
line. As was stated above, the power of the rat to form nicotinuric 
acid appears to be greatly limited, or it may be split to nicotinic 
acid as it is formed. 

The addition to the food of 1 gm. of casein per rat per day for 
7 days resulted in an increased trigonelline excretion in the two 
groups of male rats, Groups B and C, but not in the female rats of 
Group A (Table III). Here also, as in respect to the splitting of 
nicotinuric acid, the anomalous behavior of the females cannot be 
accounted for and will be investigated further. The removal of 
the casein from the diet brought an immediate and significant re- 
duction of the trigonelline in the urine of the male rats. 

Although the prompt response, within 24 hours, in the excretion 
of trigonelline following the addition to and the removal from the 
food of choline, é-aminovaleric acid, glycine, and casein, more or 
less precluded the possibility of the synthesis of the extra nicotinic 
acid being due to the bacterial flora of the gut, at least as the chief 
factor, it was believed desirable to verify this point further by 
means of parenteral administration of the nitrogenous compounds 
and by including the analyses of the feces. 

Table IV shows the results of an experiment with the intraperi- 
toneal administration of glycine in which a group of three adult 
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male rats was used. A preliminary period of 4 days of fasting 
followed by 3 days of the protein-free diet brought the urinary ex- 
cretion on the 3rd day of the diet to a low level of 21 y of acid-hy- 
drolyzable nicotinic acid and 13 y of trigonelline per rat. The 


TaBLe III 
Effect of Adding Casein to Protein-Free Diet 


Same animals as in Table II. The values are given in micrograms per 


rat per day. 


Group A, 4 females Group B, 4 males Group C, 4 males 























Day ‘ : . ee ee 
Nae | Trigo- | Totalt | NA® | Ttigo- | Totalt | Na® | sie | Totalt 
Basal level, from Table II, Day 7 
is | 53 | 6 | 2% | 30 | o | m | | 7 
Protein-free diet + 1 gm. casein per rat per day 
1 | 18 | 68 | vm | 2 | 52 | 68 | 16 | 46| 87 
2 18 51 64 | 30 | 180 | 191 | 24 | 108 | 121 
3 3 | 72 93 | 29 | 227 | 233 | 33 | 165 | 180 
4 27 | 71 91 | 33 | 131 | 150 | 39 | 210 | 228 
6 28 67 88 36 | 147 | 168 | 47 | 265 | 283 
7 / 19 | 6 | 74 | 34 | 183 | 198 | 39 | 245 | 259 
Protein-free diet only 
s | 30 | 7 | 9 | 35 | 150 | 170 | 34 | 172 | 188 
9 | 2 | 72 | 9 | 32 | 9 | ns} 31 | 72! 96 
10 25 38 59 | | 
11 26 35 57 | 21 30 | 48 


* NA includes all nicotinic acid derivatives hydrolyzable by boiling with 


6 Nn HCl. 
t Total represents the sum of NA and trigonelline calculated in terms of 


nicotinic acid. 


fecal excretion was somewhat higher, amounting to 56 y of NA and 
13 y of trigonelline. 

The daily intraperitoneal injection of 0.6 gm. of glycine for 3 
days resulted within 24 hours in a 4-fold increase in the urinary 
trigonelline, but not in the NA fraction in the urine. On the next 
day of glycine treatment the urinary trigonelline rose still higher. 
Neither the NA nor the trigonelline fractions in the feces were ap- 
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preciably affected. When the glycine was discontinued, the 
urinary trigonelline dropped promptly to the initial low level. 

It is thus manifested that the intestinal flora plays a slight, if 
any, rdle in the synthesis of nicotinic acid in the rat organism. It 
is to be noted in Tables IV to VI that in the feces the NA fraction 
is always considerably higher than the trigonelline fraction, the 
latter occasionally being vanishingly small. Nor are the fluctua- 


TaBLe IV 
Effect of Intraperitoneal Glycine Injections on Group H (Three Male Rats) 
The values are given in micrograms per rat per day. 


| Urine | Feces 
Day 7 . ees. 
NA* Trigonelline Totalt NA* | Trigonelline Totalt 
Protein-free diet after 4 days fasting 
1 33 ll 43 
2 17 12 28 45 16 59 
3 21 13 33 56 13 68 
Same diet + 0.6 gm. glycine intraperitoneally daily 
4 22 590] 75 nf 59 
5 23 101 114 62 11 72 
6 25 68 86 60 19 77 
Discontinued glycine 
7 16 14 29 65 9 73 
8 17 18 34 44 14 57 


* NA includes all nicotinic acid derivatives hydrolyzable by boiling with 
6Nn HCl. 
t Total represents the sum of NA and trigonelline calculated in terms of 


nicotinic acid. 


tions in the total nicotinic acid excretion in the feces from day to 
day as great asin theurine. The different pattern of the fractions 
and the relative constancy of the total amount excreted indicate 
that the intestinal bacteria synthesize nicotinic acid and metab- 
olize it in a different way from the body tissues. 

Among other nitrogenous compounds, ammonium lactate was 
selected as the simplest possible source of nitrogen. Accordingly, 
1.67 gm. of this compound, prepared by the neutralization of lactic 
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acid with concentrated ammonia, were added daily to the protein- 
free diet of each of three male rats. As will be seen in Table V, 
3 days of feeding ammonium lactate failed to influence appreciably 
the nicotinic acid excretion in the urine and in the feces. 


TABLE V 


Effect of Ammonium Lactate, Administered Orally and Intraperitoneally, on 
Group I (Three Male Rats) 


The values are given in micrograms per rat per day. 


| 














Urine Feces 
Day rd Biden tte oa 
| NA* | Trigonelline| Totalt | NA* |Trigonelline| Totalt 
Protein-free diet after 4 days fasting 
2 Te See Pai RN ae 
3 17 14 30 ae a 
Same diet + 1.67 gm. ammonium lactate orally, daily 
s | m Boop agpahl w | 
6 20 16 34 88 3 91 
Discontinued ammonium lactate, same diet 
8s | 2 30 47 | 
we Let hee oe 8 7 
12 24 | 1% 91 68 8 75 
Same diet + 2.10 gm. ammonium lactate intraperitoneally, daily 
3 | 2 165° 169 29 2 | 31 
4 | 32 164 | 180 | 
16 22 } 219 | 219 35 5 40 
Discontinued ammonium lactate, same diet 
17 17 29 ih, tiie 4 44 
19 16 32 45 54 6 59 


* NA includes all nicotinic acid derivatives hydrolyzable by boiling with 
6N HCl. 

t Total represents the sum of NA and trigonelline calculated in terms of 
nicotinic acid. 


After a rest period of 4 days on the protein-free diet, 2.1 gm. of 
ammonium lactate, divided into three doses of 0.7 gm. each dis- 
solved in 2 cc. of water, were injected intraperitoneally into each 
rat daily for 4 days. The increase in the trigonelline excretion in 
the urine was immediate and much greater than that obtained with 
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the injection of glycine in the preceding experiment. When the 
administration of the lactate was discontinued, the urinary trigo- 
nelline dropped promptly to the basal level. The fecal excretion of 
both nicotinic acid and of trigonelline was oddly enough somewhat 
decreased after the injection of the lactate, and rose again after it 
was discontinued. 

The difference in the response of the rats after oral and parenteral 
administration of ammonium lactate suggests the importance of 
the channels, and perhaps of the rate, of supply of the components 
involved in the synthesis of nicotinic acid. 

Oral administration of relatively large amounts of urea did not 
produce an increase of nicotinic acid excretion in the rats. Ex- 
periments with the parenteral administration of urea and of other 
nitrogenous compounds are being conducted and will be reported in 
a later communication. 

An attempt to reduce the bacterial synthesis of nicotinic acid in 
rats by feeding of sulfaguanidine was not unequivocally success- 
ful, because of the toxicity of the large amounts of the drug re- 
quired to sterilize the gut. 

The above data suggest strongly that the tissues of the rat are 
capable of synthesizing nicotinic acid from the simplest of am- 
monium salts, amines, and amino acids, and that any contribution 
of the intestinal bacteria to this synthesis is of a small order of 
magnitude. 

Attempt to Saturate Rat with Nicotinic Acid 


In the experiments described above not more than 50 per cent of 
ingested nicotinic acid could be recovered from the urine and feces 
of rats when the amount of nicotinic acid or of the amide given was 
at the level of 10 mg. per kilo of body weight. In one experiment 
this amount of amide was administered to a group of rats over a 
period of 10 days without increasing the rate of excretion above 
50 per cent. In order to subject the problems of storage and 
of the disposal of nicotinic acid in the rat to a more rigorous test, it 
was decided to attempt saturation by means of administering it in 
much higher doses. 

Nicotinic acid was mixed with the protein-free diet to six adult 
male rats, average weight 250 gm., during 7 days at the rate of 1 
gm. per kilo of body weight per day. The animals ingested the 
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food readily and showed no toxic symptoms or loss of appetite 
throughout this period. The average loss in weight of 16 gm. 
could be ascribed, from our previous data, to the effect of the 
protein-free diet alone. The urines and feces were collected and 
analyzed daily. At the end of the 7 day period the animals were 
sacrificed, the entire bodies of two rats were repeatedly minced in a 
fine food chopper, and three weighed 5 gm. aliquots of each were 
ground with 40 to 50 cc. of water in a mortar and emulsified in a 
high speed Waring mixer. After the addition of 20 cc. of concen- 


TaBLe VI 

Distribution of Nicotinic Acid in Excreta and Bodies of Siz Rats after 7 Days 
Ingestion of 1 Gm. per Kilo of Body Weight 

The results are the mean values per rat for the entire period. 




















NA | Tigo: Total 
mg. mg. mg. 
Urine | Experimental 725 242 943 
Controls 0.12} 0.43 | 0.5 
Excess in experimental animal | 942.5 
Feces | Experimental 20.3 eo. 20.3 
Controls 0.4 0.2 0.6 
Excess in experimental animal 19.7 
Bodies | Experimental 24.2 5.5 29.2 
Controls 11.8 1.0 12.7 
Excess in experimental animal 16.5 
Total excess in excreta and body..................... 979 (62%) 
‘* nicotinic acid ingested...................... , 1570 
OF i oo ve na conbaboshabamasneeds 597 (38%) ° - 


trated HCl the mixtures were heated for 2 hours in a boiling water 
bath, and on cooling made up to 100 cc. The mixtures were then 
analyzed for the acid-hydrolyzable NA and trigonelline. The 
bodies of two control rats kept on the same diet for the same period 
were similarly analyzed. 

Table VI presents a summary of the mean values obtained per 
rat for the period. 

It appears from these data that of the 1570 mg. of nicotinic acid 
ingested about 62 per cent could be accounted for by the excess ex- 
cretion, almost entirely in the urine, and the small amount stored 
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in the body. The excess excreted in the urine consisted of largely 
unchanged nicotinic acid; the glycine conjugate and the amide were 
present, if at all, in very small amounts, as indicated by the method 
of fractional hydrolysis. Under excessive loading with nicotinic 
acid, 225 mg. per rat, the limit of methylation appeared to be 
reached with the maximum value observed of (56 mg. of trigo- 
nelline. A relatively small amount, a little over | per cent, was 
lost in the feces, entirely as unchanged nicotinic acid, indicating 
that most of the ingested nicotinic acid was absorbed if allowance 
is made for a possibility of some destruction by the intestinal bae- 
teria. 

About 38 per cent of the nicotinic acid remains unaccounted for. 
No evidence could be found from the total nitrogen and urea 
analyses of the urines that any significant amounts of the nicotinic 
acid were transformed into urea or other nitrogenous compounds 
which are detected by the Kjeldahl process. Nor could any 
pyridine bases be detected by extraction and distillation pro- 
cedures. It seems probable, therefore, that some of the nicotinic 
acid was transformed into pyridine derivatives which do not react 
with the CNBr-amine reagents employed in these studies. This 
provocative problem, also encountered in man, dog, and rabbit, is 
being investigated further. 

SUMMARY 

The chief end-product of nicotinie acid metabolism in the rat is 
trigonelline, as it is in man and in the dog. 

On a diet providing about 5 gm. of protein (from casein and corn- 
meal) an adult rat of 250 to 350 gm. excretes on the average 120 y 
of nicotinic acid and its derivatives (including 100 y as trigonelline) 
in the urine, which corresponds closely to the intake of nicotinic 
acid in the food. After 5 days of fasting the total daily nicotinic 
acid excretion in the urine dropped to 90 y per animal. 

Trigonelline when administered orally in 1.5 mg. doses is ex- 
creted unchanged in the urine to the extent of 20 to 40 per cent, 
which is much less than the proportion excreted by man, the dog, 
or the rabbit. The fate of the rest of the trigonelline remains un- 
determined. 

Nicotinuric acid when administered orally in doses equivalent to 
1.5 to 3.0 mg. of nicotinic acid is excreted partly unchanged, buta 
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substantial part appears as free nicotinic acid and astrigonelline. 
The rat, unlike the other species studied, possessesa mechanism 
for splitting nicotinuric acid. 

Nicotinamide given orally in 1.5 mg. doses is excreted in the 
urine to the extent of 30 per cent in 24 hours, largely as trigonelline; 
a small amount appears unchanged as the amide. 

Nicotinic acid fed in 3 mg. doses is excreted in the 24 hour urine 
also to the extent of about 30 per cent of the ingested dose, of 
which 70 to 80 per cent is trigonelline, the remainder consisting 
of unchanged nicotinic acid and small amounts of nicotinurie acid 
and amide. The simultaneous administration of large amounts of 
glycine with the nicotinic acid does not lead to increased nicotinuric 
acid excretion. 

On a protein-free diet containing 7 y of nicotinic acid adult rats 
excrete daily a total of 25 to 75 y of nicotinic acid derivatives in the 
urine, and 40 to 90 y in the feces. 

On the addition of casein, amino acids (glycine and dl-é-amino- 
n-valeric acid), or choline to the protein-free diet the urinary, but 
not the fecal, excretion of nicotinic acid derivatives is promptly 
and significantly increased, and decreases to original levels on the 
withdrawal of the nitrogenous compounds. 

These results are obtained after the parenteral as well as after 
the oral administration of the nitrogen compounds. Ammonium 
lactate given intraperitoneally also increases the excretion of 
nicotinic acid. 

These observations may be interpreted as evidence for the 
synthesis of nicotinic acid in the tissues of the rat, apart from any 
bacterial synthesis which occurs in the gut. 

After massive doses of nicotinic acid, 1 gm. per kilo, are fed for 7 
days to six adult rats, two-thirds of the total amount administered 
was recovered from the urines, while insignificant amounts were 
found in the feces and stored in the bodies. The one-third of the 
nicotinic acid thus unaccounted for could not be found in the other 
nitrogenous components of the urine. 
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In the course of a quantitative study of the distribution of 
cytochrome c in cancer tissue a consideration of the available 
methods of analysis led to the development of an improved method 
which has been applied to this particular study.!_ The method has 
been used under such a variety of conditions that it is believed that 
it will give satisfactory results if applied to other problems in- 
volving the concentration of cytochrome c in animal tissues. 

Both manometric and spectrophotometric techniques have been 
applied to the determination of cytochrome c by previous investi- 
gators. Von Euler and Hellstrém (2) reported the cytochrome c 
content of Jensen rat sarcoma on the basis of a qualitative spectro- 
photometric method. Junowicz-Kocholaty and Hogness (3) have 
presented a method for cytochrome c determination which is es- 
sentially Keilin and Hartree’s method for the preparation of pure 
cytochrome c (4) placed on a quantitative basis. The method re- 
quires the use of 100 gm. of tissue, a quantity too large for experi- 
ments in which rats and mice are used as experimental animals. 
Fujita, Hata, and Numata (5) presented a spectrophotometric 
method for the determination of cytochrome c in which an attempt 
was made to isolate the cytochrome in pure form. Attempts to 
recover added cytochrome c by this method gave unsatisfactory 
results. It is believed that an incomplete precipitation of cyto- 
chrome ce occurred during the acetone treatment. 

By far the most satisfactory method in the literature thus far is 


* This work was aided by the Jonathan Bowman Fund for Cancer Re- 


search. 
1 A preliminary report of the results of this study has appeared (1). 
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that of Stotz (6) whose method is based on the catalytic function 
of cytochrome. The determination is made by comparing the 
rate of oxygen uptake obtained with an unknown solution and that 
obtained with a standard cytochrome c sclution. However, since 
extraneous factors present a constant danger in the case of analyses 
based on rate measurements, we attempted to devise an absolute 
measurement of the cytochrome c concentration. This can be 
accomplished spectrophotometrically by employing the absorption 
coefficients for reduced and oxidized cytochrome c. Potter (7) 
recently suggested that it should be possible to determine cyto- 
chrome c spectrophotometrically by means of the enzymatic 
oxidation and subsequent reduction of the compound, since he 
obtained 100 per cent recovery of added cytochrome c when the 
reduction was carried out in the presence of 0.001 mM cyanide added 
after succinate. It seemed that a specific enzymatic spectro- 
photometric measurement such as this would eliminate difficulties 
encountered in rate measurement and would also eliminate the 
interference of hemogiobin (3), thus eliminating the necessity for 
a hemoglobin-free extract. 

The method which we are presenting for the determination of 
cytochrome c in animal tissues is based on the following three 
facts: (a) The absorption of reduced cytochrome c is much greater 
than the absorption of oxidized cytochrome c at a wave-length of 
550 mu. (b) The total absorption of a solution containing several 
solutes is equal to the sum of their individual absorptions in the 
absence of interaction. (c) Cytochrome c can be specifically 
oxidized and reduced by enzymatic means without altering the 
absorption of other components of the test solution. 


Method 


Extraction and Concentration—Weighed tissues are homogenized 
in 5 to 20 volumes of distilled water according to the Potter and 
Elvehjem technique (8) with a stainless steel pestle. The homo- 
genate is quantitatively transferred to a beaker and the pH is 
adjusted to 3.5 by addition of 3 per cent trichloroacetic acid with 
a glass electrode to measure the acidity. The mixture is allowed 
to stand for 14 hours to extract the cytochrome c (3, 4, 6). The 
mixture is then transferred to graduated conical tubes and centri- 
fuged for 10 minutes at 3000 R.p.m. Since the cytochrome is dis- 
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tributed between the residue and the supernatant, the volumes 
of both are recorded for subsequent calculations. The super- 
natant fluid is brought to pH 7.0 with 1 per cent sodium hydroxide, 
and after standing 5 to 10 minutes the mixture is again centrifuged 
at 3000 r.p.M. for 10 minutes. The precipitate should be relatively 
small at this point, and is discarded. The supernatant fluid is 
poured into graduated centrifuge tubes and a quantity of 100 per 
cent trichloroacetic acid solution equal to 8 per cent of the volume 
of supernatant fluid is added. The mixture is allowed to stand 
for 20 minutes and is then centrifuged for 10 minutes at 3000 R.P.m. 
The supernatant liquid is carefully removed and discarded. The 
precipitate containing the cytochrome c, which usually occupies 
about 0.20 ml. when packed, is taken up in a quantity of water less 
than 2 ml. and dissolved in a drop of 2 N sodium hydroxide, plus 
further additions of 0.1 N alkali as needed. Any excess sodium 
hydroxide is neutralized by addition of 0.1 N hydrochloric acid. 
Here an external indicator, phenol red, is used to determine when 
the solution is neutral. The unknown solution is finally diluted 
to a volume of 2.5 ml. with distilled water. 

Spectrophotometric Measurement—The estimation of the cyto- 
chrome ¢ content of the unknown solution is carried out with the 
use of a photoelectric spectrophotometer (7, 9). To each sample 
0.3 ml. of 0.25 m phosphate buffer, pH 7.4, and 0.2 ml. of a kidney 
enzyme preparation containing both succinic dehydrogenase and 
cytochrome oxidase are added, giving a total volume of 3.0 ml. 
The unknown solution is next placed in a 1 cm. spectrophotometric 
cell and the absorption is measured at 550 my with a 2.5 my exit 
slit. The action of cytochrome oxidase in the absence of substrates 
which reduce cytochrome ¢c converts the latter to the oxidized 
form. The extinction observed is due to oxidized cytochrome plus 
other colored substances present, chiefly flavin and hemin deriva- 
tives. Next 0.01 ml. of 0.5 m succinate is added to the cell. After 
mixing, 0.03 ml. of 0.1 mM neutralized cyanide is added. This 
concentration of cyanide stops the action of the oxidase but does 
not combine with the cytochrome c under these conditions (7). 
After mixing, the cytochrome c is converted to the reduced form 
within 30 seconds by the action of succinic dehydrogenase, and a 
second spectrophotometric reading is taken. From the two ex- 
tinction values obtained the concentration of cytochrome c may be 
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calculated. If C; equals the total cytochrome c in moles per ml, 
FE, the observed extinction of reduced cytochrome c, E, the ob- 
served extinction of oxidized cytochrome c, and a for E, — E, is 
1.91 X 107 (see (7)),? then, 
E, — E, 
C, = =" x 107 
1.91 
Since the final solution has a volume of 3 ml., it is necessary to 
multiply the result by 3 and, in addition, to correct for the volume 
of the residue after extraction in order to obtain the amount of 
cytochrome in the sample. 


Comments on Method 


Extraction—Since the extraction of the cytochrome c from the 
tissue is of primary importance, careful consideration was given to 
the factors involved in this procedure. In studying the optimum 
pH for extraction, rat liver and kidney tissues were extracted at 
acidities varying from pH 3.0 to 4.5. In agreement with the 
finding of Stotz (6) we found that maximum extraction was ob- 
tained at pH 3.5, with an optimum range of about pH 3.2 to 3.8. 

Since the effectiveness of extraction cannot be tested by re- 
covery experiments, other lines of evidence must be advanced to 
test the procedure. That homogenization per se disrupts the cells 
and disperses the cytochrome into the medium is clearly demon- 
strated by the fact that a dilution effect which can be overcome by 
the addition of pure cytochrome c can be demonstrated in the case 
of the suecinoxidase system in liver (10). This result is obtained 
in other tissues as well. Further evidence that extraction is com- 
plete was shown by reextracting the first residue obtained in the 
preparation of pure cytochrome c from beef heart muscle. By 
again homogenizing the acid-extracted residue, adjusting to pH 
3.5 with trichloroacetic acid, and extracting for 14 hours it was 
found that the first extraction was complete; 7.¢., it was found that 
as much cytochrome c remained in the precipitate as was present 
in an equal volume of supernatant fluid. A third test was made 
by increasing the volume of the extraction mixture and holding 
the amount of tissue constant. It was found that a given volume 


2 The value of the constant should be determined for the particular 
spectrophotometric conditions used. 
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of precipitate contained as much cytochrome c as an equal volume 
of supernatant liquid. It is apparent, therefore, that the extrac- 
tion procedure is effective but that the precipitate volume must 
always be recorded and considered in calculating the quantity of 
cytochrome c present in any sample. 

Neutralization of Acid Extract—In a study of the neutralization 
of the acid extract it was concluded that this is an essential step 
in the procedure but evidence was obtained that adsorption of 
cytochrome c on the precipitate took place if the mixture was 
allowed to stand for longer than the recommended time before 
centrifugation. 

In the special case of rat skeletal muscle poor recovery of added 
cytochrome was found. However, by adjusting the pH to 5.0 
instead of 7.0, 93 per cent recovery of added cytochrome was 
obtained. The volume of precipitate obtained at this point was 
decreased by the modification. This suggested that adsorption 
of cytochrome c on the unusually voluminous precipitate obtained 
in the case of skeletal muscle was the cause of the loss of cyto- 
chrome c. Homogenizing tissues so thoroughly that the particles 
are too finely dispersed to be precipitated during the first centri- 
fuging process is to be avoided, since in such a case the precipitate 
volume after neutralization to pH 7.0 is greater and adsorption of 
cytochrome c may occur. If a tissue is encountered which gives a 
large precipitate at this step, it is very important that recovery 
experiments be carried out to test this particular step. 

In the analysis of livers containing tumors induced by dimethyl- 
aminoazobenzene a difficulty was encountered in that the presence 
of a fatty constituent rendered the final solution too turbid. It 
appeared that extraction of the fat-like substance would be neces- 
sary before the analysis was made, but by carefully removing the 
supernatant liquid from the precipitate after the first centrifuging, 
the fatty substance adhered to the sides of the centrifuge tube and 
in that manner could be separated from the supernatant liquid. 

Quantitative Precipitation of Cytochrome c—Any method for the 
analysis of cytochrome c must involve a step in which the cyto- 
chrome in a relatively large volume of extract is concentrated to a 
small volume. Stotz (6) precipitated the cytochrome with phos- 
photungstic acid, and then removed the latter with barium in the 
presence of phosphate to avoid an excess of barium. The final 
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solution obviously contains a saturated solution of barium phos- 
phate and when this is concentrated in vacuo a precipitate of 
barium phosphate is likely to result. Since cytochrome c is ad- 
sorbed on barium phosphate, there is considerable danger of losing 
cytochrome at this step, and we have been unable to recover small 
amounts of cytochrome. This procedure is likely to give too low 
results on samples which are originally low in cytochrome. 

Since our proposed method would give valid results even in the 
case of partial inhibitions of rate, we attempted to concentrate the 
cytochrome by precipitation with phosphotungstic acid and to 
make the measurement in the presence of the phosphotungstate. 
This was not feasible, since the latter completely inhibited the 
enzyme preparation. However, experiments showed that sodium 
trichloroacetate did not interfere with the enzymatic oxidation and 
reduction, and trichloroacetic acid was therefore tested as a cyto- 
chrome precipitant, since it is known to be very effective as a 
protein precipitant. Pure samples of cytochrome were used and 
the analysis was effected spectrophotometrically by chemical re- 
duction with sodium hydrosulfite. It was found that in all 
samples in which the final concentration of trichloroacetic acid 
was greater than 5 per cent the cytochrome was completely 
precipitated. It was further found that a given amount of cyto- 
chrome c could be quantitatively precipitated from a volume of 
extract several times larger than is ever encountered in practice. 
It is thus possible to effect the concentration of cytochrome c with 
trichloroacetic acid and to make the quantitative measurement 
without removing the precipitant. 

Quantity of Tissue Needed—In order to insure a sufficient dif- 
ference in extinction between the oxidized and reduced cytochrome 
ec when determined spectrophotometrically it was necessary to 
determine the quantity of tissue necessary for the determination. 
| to 2 gm. of normal rat tissues is sufficient, while 5 to 10 gm. of 
cancer tissue are required. In studying the accuracy of the 
method various tissues such as rat liver, spleen, and cancer tissue 
were used in recovery experiments. In all cases we have recov- 
ered greater than 93 per cent of added cytochrome c. 

Although the cyanide concentration has been adjusted to a very 
low concentration, experiments were designed to make certain 
that cyanide did not combine with part of the cytochrome c, as 
has been noted (7) in the case of higher concentrations of cyanide. 
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Small quantities of cytochrome c ranging from 0.025 to 0.075 X 
10-7 mole of cytochrome c were added to 1 gm. samples of Flexner- 
Jobling rat carcinoma,’ so that the final concentration of cyto- 
chrome c in each sample was lower than that present in any actual 
tissue analysis. Recovery between 96 and 100 per cent was 
obtained in all samples, thus eliminating the possibility of cyanide 
combining with cytochrome c in this analysis, as well as insuring 
the over-all accuracy of the method. 

Method of Preparation of Enzyme—A rat kidney is homogenized 
in 9 volumes,of cold M/30 phosphate buffer (pH 7.4), centrifuged 
for 4 minutes at 1000 r.p.m., and then filtered through coarse filter 
paper. Although the cytochrome c has not been removed from 
this preparation, the quantity present in 0.2 ml. cannot be detected 
spectrophotometrically and thus does not interfere in the deter- 
mination. The strength of the enzyme must be proved with a 
sample of pure cytochrome. Reduction should occur within 30 
seconds. 

Since the determination of cytochrome c by this method depends 
upon measuring the difference in extinction between oxidized and 
reduced cytochrome ¢, it is essential that the cytochrome c in the 
unknown solution be completely oxidized before the initial reading 
is taken. There are three steps in this method which insure 
complete oxidation of cytochrome c, (a) the precipitation of cyto- 
chrome ¢ with trichloroacetic acid (3), (b) dissolving the trichloro- 
acetic acid precipitate in sodium hydroxide (3), (c) the action of 
the cytochrome oxidase in the final solution. In order to prove 
that the quantity of cytochrome oxidase used was sufficient, even 
if all of the eytochrome present were in the reduced form, an 
experiment was carried out in which 11 y of ascorbie acid were 
added to 2 X 10-8 mole of cytochrome c. This resulted in reduc- 
tion of about 80 per cent of the cytochrome c. Varying quantities 
of the enzyme preparation were used and as little as 0.01 ml. of the 
enzyme preparation was found to give complete oxidation in 2 
minutes. Since 0.2 ml. of the enzyme preparation is used in actual 
analyses, assurance of complete oxidation was obtained. The 
turbidity of the enzyme does not interfere with the method, 
largely because it is automatically corrected for. 

Removal of Hemoglobin—As mentioned previously, the presence 


*A homogenate of pooled samples was used and the concentration of 
cytochrome in the tumor was determined on an aliquot equivalent to 5 gm. 








424 Cytochrome c 


of hemoglobin does not ordinarily interfere with the determination. 
However, in the case of certain tissues such as spleen it is desirable 
to remove part of the hemoglobin to decrease the total absorption 
in the spectrophotometric measurement. This can be accom- 
plished by acidifying the final unknown solution to pH 4 to 6 with 
dilute HCl, which precipitates the hemoglobin. The mixture is 
centrifuged and the precipitate is washed with 0.1 nN HCl. The 
combined supernatant liquids are again neutralized to pH 7.0. 


TABLE | 
Cytochrome c Content of Normal Rat Tissues 


The results are expressed as micrograms of cytochrome ¢ per gm. of 


fresh tissue. 


Rat No Heart Kidney pase ng Brain Liver Spleen Lung 
| 393 266 97 76 85 63 18 
2 432 300, 94 41 SY 45 16 
3 379 249 97 59 93 34 30 
4 346 264 87 54 90 40 15 
5 363 232 91 43 94 30 20 
6 412 254 108 41 96 40 23 
7 353 235 83 45 87 32 18 
8 374 208 97 41 91 32 24 
9 316 218 105 58 87 61 28 
10 345 245 110 45 | 92 51 19 
Average 371 247 97 50 90 43 21 
” from 
Stotz (6). 530 330 160 75 68 48 29 


Recovery of over 90 per cent of the cytochrome c from spleen was 


obtained. 
Application of Method 


Distribution of Cytochrome c in Normal Rat Tissues—This 
method of analysis has been applied to several tissues from normal 
adult rats. A wide variation in cytochrome c content of different 
organs was noted, in substantial agreement with the results of 
Stotz (6). Table I gives the cytochrome c content of the various 
tissues analyzed. Duplicate samples check within about 5 per 
cent of the average value but it should be noted that there is 
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rather wide variation between animals as was also noted by Stotz. 
The results in Table I were calculated with 16,500 as the molecular 
weight of cytochrome c. The average values obtained by Stotz 
with the same molecular weight are included for comparison. 

It is of interest to note that the levels obtained by Stotz are 
about 50 per cent higher than ours in the case of tissues high in 
cytochrome c, while they check very closely in the case of lung and 
spleen, which are low in cytochrome. It is not possible to say 
whether the differences are in the material or the methods. Since 
the molecular weight may actually be as low as 11,700 (11) it 
might be preferable to state the results in moles as given in the 
method of calculation above. 


TABLE II 
Cytochrome c Content of Chick Embryo 
The results are expressed as micrograms of cytochrome ¢ per gm. of 


fresh tissue. 


Age of embryo No. of samples Maximum Minimum Average 


days 
6 4 l 0 0 
10 4 4 2 3 
12 5 8 5 6 
16 g 7 5 6 
7 8 4 6 


17 | 


Stotz reported that rat embryos were low in cytochrome c. We 
have analyzed a number of chick embryos which are also low in 
cytochrome c, and they show an increase in cytochrome concen- 
tration with age, as is shown in Table II. This material is so low 
in cytochrome c as to make the analysis extremely difficult, as well 
as of questionable accuracy as far as comparative studies on 
embryos of a given age are concerned. It would be of considerable 
interest to determine whether the cytochrome c concentration in 
very young rats is inversely related to their recently demonstrated 
ability (12) to withstand short periods of anaerobiosis. 


SUMMARY 


1. A new method for the determination of cytochrome c in small 
quantities of tissue from experimental animals has been developed. 
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2. Existing methods of extraction are used in the method but 
concentration is effected by precipitation with trichloroacetic acid. 

3. The analysis is based on the quantitative spectrophotometric 
measurement of the change in extinction when cytochrome c is 
oxidized and reduced by specific enzymes. 

4. Results obtained with normal rat tissues and chick embryo 


are given, 


BIBLIOGRAPHY 


1. Potter, V. R., and DuBois, K. P., Proc. Am. Soc. Biol. Chem., J. Biol. 
Chem., 140, p. cii (1941). 

2. von Euler, H., and Hellstrém, H., Z. physiol. Chem., 255, 159 (1938). 

3. Junowiez-Kocholaty, R., and Hogness, T. R., J. Biol. Chem., 129, 
569 (1939). 

Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 122, 
298 (1937). 

. Fujita, A., Hata, T., and Numata, I., Biochem. Z., 27, 377 (1939). 

. Stotz, E., J. Biol. Chem., 131, 555 (1939). 

. Potter, V. R., J. Biol. Chem., 187, 13 (1941). 

. Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 

9. Sheard, C., and States, M. N., J. Optical Soc. Am., 31, 64 (1941). 

10. Potter, V. R., J. Biol. Chem., 141, 775 (1941). 

11. Theorell, H., and Akesson, A., J.Am. Chem. Soc., 63, 1804 (1941). 

12. Fazekas, J. F., and Himwich, H. E., J. Biol. Chem., 139, 971 (1941). 


_ 


asa oO 























METHOD FOR THE DETERMINATION OF THE GAS 
CONTENT OF TISSUE* 


By P. F. SCHOLANDER 


(From the Edward Martin Biological Laboratory, Swarthmore College, 
Swarthmore) 


(Received for publication, April 26, 1941) 


A piece of tissue, such as muscle, is excised as rapidly as possible 
by means of an instrument like the one in Fig. 1. The piece, if 
necessary, is dried on filter paper and then placed in a few cc. of 
salt water in the bore of a small, heavy, ice-cooled brass press (Fig. 
2). The steel piston is put into the bore and most of the salt water 
is squeezed out by hand. The piston should move so easily that 
the water is allowed to leak out between it and the bore. At the 
bottom of the bore are three fine steel channels formed by syringe 
needles soldered into three holes in the press. The three channels 
unite and open through a nozzle which has a fitting for a syringe 
tip (Fig. 2, A and B). The press is placed between the jaws of a 
strong ordinary iron vise which is screwed together cautiously until 
the rest of the salt water and blood has been expressed and the 
finely crushed tissue comes out of the nozzle channels as fine 
threads. An accurately graduated 4 ec. syringe! containing 3 
ce. of gas-free ferricyanide solution is fitted to the nozzle (Fig. 2, 
A), with the nozzle channels protruding freely into the ferricyanide 
solution. 0.5 ec. of tissue is spurted as fine brittle threads into 
the solution, the volume being accurately read on the syringe. 
By putting another syringe onto the nozzle, a new sample may be 
taken for duplicate analyses. Some mercury is run up into the 
syringe for mixing, and any gas bubbles are removed. The tip of 


*The method is a development from a method which was earlier des- 


cribed (1). 

'Svringes well fitted for this method (Fig. 2, A) are obtainable from 
the Boston Instrument Manufacturing Company, Inc., 50 Thayer Street, 
Boston. 
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Fic. 1. Instrument for quick removal of tissue. A is a rod which fits 
a hand drill-chuck. It is fastened with a screw into a steel pipe (B) 
having a cutting, sharp opening at the other end and a milled-out groove 
for a flexible steel spring knife (black) with sharp side and end edges. The 
latter can be pushed across the pipe by the movable sleeve (C) and is covered 
by the fixed sleeve (D). Before the piece is cut out, the steel spring knife 
is pulled back. The pipe is drilled into the tissue. The spring knife is 
pushed across the opening and the pipe rotated and pulled out. The sleeve 
(C) is pulled back and the tissue cylinder taken out with forceps. 
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Fic. 2. Device for analyzing the gas content of tissue. A represents 
the syringe with extracted ferricyanide solution attached to the nozzle of 
the press, the steel cannulas protruding freely into the solution; B, cross- 
section of the press showing the arrangement of the three steel cannulas 
and the nozzle block fitting into a milled-out slot of the press; C, cap to be 
screwed on the nozzle for the protection of the cannulas; D, syringe placed 
in the centrifuge tube with the piston arrested by a nut; £, anaerobic trans- 
fer of solution from the syringe to the Van Slyke apparatus or vice versa. 
The press is reproduced one-half the actual size. 
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the syringe is closed with a rubber cap. After the tissue threads 
are thoroughly mixed and broken up, the syringe is placed in a 
stand with its tip upwards and with the piston stem nut tightened 
as in Fig. 2, D. After 10 to 20 minutes equilibration the syringe 
is put into a special centrifuge tube holder (Fig. 2, D) which fits 
on an ordinary small hand centrifuge. The syringe is centrifuged 
at a moderate speed for some minutes and 2 ce. of the clear solution 
over the tissue débris are anaerobically transferred to the Van 
Slyke apparatus (Fig. 2, #), and are analyzed for carbon dioxide 
and oxygen (nitrogen) in the usual way, the 0.5 ec. mark on the 
burette being used for all readings. 


TABLE | 
Factors for Calculation of Tissue Gases in Volumes Per Cent 
0.5 ce. of tissue + 3 cc. of ferricyanide; 2 cc. of solution used in the Van 
Slyke apparatus; pressure read at the 0.5 cc. mark on the burette. 





Temperature CO: O: or Nz | Temperature CO: On or Nez 
i | *C. 
15 0.236 | 0.218 | 23 | 0.227 0.212 
16 0.235 0.217 | 24 0.226 0.211 
17 0.234 0.216 | 25 0.225 0.210 
18 0.233 0.215 26 | 0.224 0.210 
19 0.231 0.215 a 8 86| «(0.228 0.209 
20 0.230 0.214 | 28 0.222 0.208 
21 0.229 0.213 29 0.221 0.207 
22 0.228 0.212 30 0.221 | 0.207 


The values were calculated according to Formula 3 of Peters and Van 
Slyke (2). 


In the determination of the oxygen capacity of tissue, e.g. 
muscles, the piece of muscle is pressed out as fine threads directly 
over a Petri dish. The dish is covered with a wet filter paper on a 
glass plate. After the muscle hemoglobin is saturated with oxy- 
gen, the threads are scraped together into a ball which is placed 
in the press. 0.5 ce. is pressed out into 3 cc. of extracted neutral 
ferricyanide solution, any gas bubbles being removed; mercury is 
run in, the syringe closed, and its contents mixed, equilibrated, 
centrifuged, and analyzed as described above. 

The C correction is determined by repeated extraction of 6 cc. 
of ferricyanide solution, by transferring 3 cc. of it anaerobically 
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to the syringe (cf. Fig. 2, £), fitting the syringe to the nozzle, 
removing it, mixing with mercury, and transferring 2 cc. into the 
Van Slyke apparatus. 

In order to remove the piston from the press, the piston is 
fastened in the vise and the press pulled by hand. The channels 
of the press are cleaned by a steel wire after each analysis. 

Calculation—It is assumed that the 2 cc. of extract analyzed 
contain two-thirds of the tissue gases in the 3 cc. of suspension in 
the syringe. To give the volumes per cent of gas in the tissue the 
pressure (in mm.) measured with the gas at 0.5 cc. volume, minus 
the mm. of the C correction, is multiplied with the appropriate 
factor from Table I. 

The accuracy of the method is limited, especially by the uneven 
composition of the tissue. In seal muscle the oxygen content was 
found to be of the order of 5 volumes per cent with an agreement 
between duplicate samples of about +0.5 per cent. The carbon 
dioxide content was of the order of 30 + 2 volumes per cent. 
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AEROBIC AND ANAEROBIC CHANGES IN SEAL 
MUSCLES DURING DIVING 


By P. F. SCHOLANDER, LAURENCE IRVING, anv 8. W. GRINNELL 


(From the Edward Martin Biological Laboratory, Swarthmore College, 
Swarthmore) 


(Received for publication, May 27, 1941) 


During the course of a dive which may last for 15 or 20 minutes 
a seal is dependent upon its stores of oxygen and the anaerobic re- 
actions which can proceed in its tissues. The course of utilization 
of the oxygen store in the lungs and hemoglobin of the blood is 
regular and uniform throughout the dive (Scholander, 1940; 
Irving, Scholander, and Grinnell, 1942). In seal muscles the dark 
red color indicates a further considerable supply of muscle hemo- 
globin, as has already been observed (Theorell, 1934; Robinson, 
1939). The oxygen capacity of the minced seal muécle was found 
to be from 4 to 6 per cent, which would thus be able to contribute 
an appreciable reserve for aerobic metabolism during diving, and in 
the red pectoral muscles of penguins, which contained about 4 
volumes per cent of oxygen, the store was consumed during a 5 
minute dive (Scholander, 1940). In the resting cat soleus muscle 
the muscle hemoglobin was reduced within 2 minutes when the 
artery was clamped (Millikan, 1937, 1939). No determinations 
have hitherto been made upon the actual rate of reduction of seal 
muscles during diving. 

As to the course of glycolysis during diving, it has been shown 
that the lactic acid content of rat leg muscles increased greatly 
during submersion, but not if the animals were narcotized to pre- 
vent struggling (Scholander, 1940). But in the blood of seals the 
concentration of lactic acid did not increase during diving, nor 
was there any increase in the blood of rats, ducks, and penguins 
(Scholander, 1940). Likewise in the blood of diving manatees 
(Scholander and Irving, 1941), in two- and three-toed sloths, 
armadillos, and iguanas (Irving and Scholander, unpublished ob- 
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servations), there was not much increase in lactic acid content 
until after the dive, when suddenly a flood of lactic acid appeared 
in the blood. It is thus indicated as a general process that lactic 
acid which is formed during diving does not escape into the blood 
until recovery commences. This indicated that the muscles are 
isolated from exchange with the blood during diving and fits in 
with thermoelectric observations which indicated reduced blood 
flow through the muscles during arrested breathing (Irving, 1939) 
or diving (Grinnell, Irving, and Scholander, 1942). 

The seal muscles during diving seemed therefore to depend upon 
their intrinsic reserves. In this situation the utilization of oxygen 
from the stores of muscle hemoglobin and the progress of glycoiysis 
would proceed without external interference. The progress of 
the aerobic and glycolytic reactions can be followed during the 
prolonged experimental dives which the seal will endure, and the 
quantities of oxygen and lactic acid are large enough for accurate 
determination. The relation of these aerobic and anaerobic re- 
actions in the muscles of diving seals is presented in the following 
experiments. 


Methods 


For the present investigation young seals (Phoca vitulina), 
weighing about 20 to 25 kilos, were used. The animals were 
fastened to a board and placed in a bathtub. Diving was ac- 
complished by lowering the board with the seal under water, 
leaving only the back of the animal exposed above water. The 
method used for taking the muscle samples anaerobically and for 
the analysis of their gas content has been fully described elsewhere 
(Scholander, 1940, 1942) and only the essential procedure is out- 
lined here. By means of a specially constructed tube a smal! 
piece of back muscle is removed through the skin in a few seconds 
and placed in a micro press which anaerobically spurts a measured 
part (around 0.5 ec.) of the finely crushed muscle into a syringe 
filled with extracted ferricyanide solution. After equilibration 
with the muscle débris the ferricyanide solution is analyzed for 
gases in the Van Slyke apparatus. Contamination of the muscle 
piece with blood enters the determination as a source of error. 
The small amount of blood which may remain in the piece is, 
however, for the most part squeezed out in the press and dis- 
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carded before the analysis. Even 5 per cent contamination with 
blood of 10 volumes per cent oxygen would not affect the deter- 
mination of the muscle oxygen by more than 0.3 volume per cent 
in absolute amount, which would be of little significance in the 
present connection. Part of each muscle sample is ground with 
sand in trichloroacetic acid, treated with copper lime in the usual 
way, and analyzed according to Friedemann, Cotonio, and Shaffer 
(1927) for lactic acid. The muscle samples were always taken from 
well separated parts of the back musculature of the seal. The re- 
sults for eleven different diving experiments are given in Figs. 1 to 
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Fic. 1. The oxygen depletion from seal muscles during diving. The 
average depletion of oxygen from the arterial blood is given for com- 
parison. The dotted circle refers to an inconsistent determination in the 


series of the upper curve. 


3, where the oxygen content, the carbon dioxide content, and the 
lactic acid content are plotted separately against time. 

Oxygen Content—The result of the oxygen determination of the 
seal muscles during diving is seen in Fig. 1, representing ten curves 
from ten different seals. The average course of the oxygen deple- 
tion from the arterial blood during diving is plotted for comparison. 
The variation of the oxygen content of the muscles in the first 
samples at the beginning of the dive, from 1.5 to 6 volumes per 
cent, suggests that at the time of sampling not all of the muscles were 
thoroughly circulated with blood and saturated with oxygen. This 
was also clearly visible from the color of the pieces, which varied from 
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dark to a bright red. During the first 5 to 10 minutes of the dive 
practically all of the oxygen of the muscles was used up along a 
course represented by an exponential curve. The muscle hemo- 
globin was reduced at a time when the pressure of oxygen in the 
blood was still high. Theorell (1934) found that a solution of 
horse muscle hemoglobin became half saturated with oxygen at 
3.26 mm., whereas the arterial blood in seals is half saturated at 
30 to 35 mm. (in vitro (Irving, Solandt, Solandt, and Fisher, 
1935), in vivo (Scholander, 1940)). Since the muscle hemoglobin 
is practically reduced at a time when the arterial blood is only 
half reduced, there seems to be a considerable difference in oxygen 
tension between the muscles and the blood. This situation de- 
velops before any appreciable accumulation of lactic acid or carbon 
dioxide could influence the dissociation of the muscle hemoglobin. 
The difference in tension appears to be so great as to suggest that 
there is no circulation in the muscles during the dive. 

During recovery the oxygen content of the muscles was usually 
restored within a few minutes, but sometimes only after some 
delay. In samples from both the pre-dive period and from the 
recovery it was visible that the muscles were occasionally oxy- 
genated only in patches, so that only part of the piece might be 
bright red, which points to an uneven distribution of the 
circulation. 

Carbon Dioxide Content—The carbon dioxide content of the same 
muscle pieces as were used for the oxygen determination is shown 
in Fig. 2. The average content of carbon dioxide in the muscles 
before diving was about 30 to 35 volumes per cent. During diving 
the carbon dioxide content tended to rise a little and dropped off 
a few volumes per cent below the starting value in recovery. The 
rise during the dive was small, amounting to only a few volumes 
per cent, and agreed with the few volumes per cent of oxygen 
available for the muscles from the muscle hemoglobin store. A 
drop of the carbon dioxide content of the muscles in recovery 
would be expected on account of the 100 to 200 mg. per cent in- 
crease of the lactic acid, although the drop would have been bigger 
if it resulted from a simple displacement of carbon dioxide from 
bicarbonate. 

Lactic Acid Content—The results of the lactic acid determina- 
tions on the same samples as were used for the gas determinations 
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are shown in Fig. 3. At the beginning of the dive the muscles 
contained less than 30 mg. per cent of lactic acid, except in cases in 
which the seal had struggled. Not until after around 5 to 10 
minutes of diving was there any noticeable increase in the lactic 
acid, but later there was a smaller or larger rise, apparently de- 
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Fig. 2. The carbon dioxide content of seal muscles before, during, and 
after diving. 
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Fic. 3. The lactic acid content in the seal muscles during diving. The 
average content of lactic acid in the arterial blood is given for comparison. 


pending upon how much the seal struggled. The three highest 
values of Fig. 3 (300 to 400 mg. per cent) occurred after serious 
struggling. They are of the same order as was previously cal- 
culated from the recovery rise of lactic acid in the blood of seals 
on the assumption of equal distribution between the blood and 
muscles (Scholander, 1940). 
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It is of particular interest to note that the time of complete 
reduction of the muscle hemoglobin coincides with the start of the 
lactic acid formation in the muscles. The inference is that the 
presence of the oxygenated muscle hemoglobin prevents the forma- 
tion of lactic acid. The appearance of lactic acid in the blood first 
in the recovery after the dive indicates that the muscles are isolated 
from the circulation during diving. 

With the progress of recovery the lactic acid concentration 
usually decreased, but sometimes rose transiently above the initial 
recovery value. In all cases in which such a delayed recovery rise 
was seen in the seal it was, however, combined with a late appear- 
ance of oxygenation of the muscles; that is to say, with a prolonga- 
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Fic. 4. The glycogen content in seal muscles before, during, and after 


diving. 


tion of the anaerobic situation in the muscle. This observation 
explains satisfactorily the occasional continued rise of lactic acid in 
recovery of the seal muscle and is the probable explanation for the 
same phenomenon seen in rats and penguins (Scholander, 1940). 

Glycogen Content—The result of a few series of glycogen deter- 
minations in the muscles before, during, and after the dive is given 
in Fig. 4. During diving there was found a drop in the glycogen 
content which was regularly greater than the increase of lactic acid. 
This was to be expected on account of the aerobic muscle metab- 
olism in the first part of the dive, and may also indicate some 
accumulation of intermediaries in the course of the breakdown of 
glycogen to lactic acid. During the time of recovery observed, 
the glycogen content of the muscles seemed not to be fully restored. 
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DISCUSSION 


If we consider the muscles to be isolated from the circulation 
during diving for the reasons given above, we can use our figures 
for the oxygen and lactic acid contents of the muscles to form 
an estimate of their aerobic and anaerobic metabolism (Table 1). 
The part played by other sources of energy, such as adenylpyro- 
phosphoric acid and creatinephosphoric acid, we do not know. 
They might raise our figures for anaerobic metabolism by about 30 
per cent (cf. Lundsgaard (1937)), which in this connection is 
insignificant. The initial rate of the oxygen depletion of the 


TaBLe I 

Aerobic and Anaerobic Metabolism in Seal Muscle during Diving 
Calculated from the average oxygen decrease and lactic acid increase 
in the muscle during diving, assuming that 5 gm. calories are formed by 
the consumption of 1 cc. of oxygen and 385 gm. calories from the formation 
of 1 gm. of lactic acid (cf. Evans (1930)). 

















dive | Sections of 20 min. dive 
- SS —— — —EE 
Time, min..... a Fei 5 | o5 | 510 | 10-45 | 15-20 
eres i ny Weetees, Pest Ts & 

Oxygen used per kilo muscle, cc......... 50 | 45 3 1 0 
Lactic acid formed per kilo muscle, gm.. 0 | 0.1) 0.35) 0.9) 1.2 
Gm. calories per kilo muscle from oxi- 

tenia laalhaalllaspesilel metry fe 250 | 225 | 15 5 | 0 
Gm. calories per kilo muscle from lactic 

pee CEE Rl atellen NIG, 0 | 39 | 135 347 | 462 
Gm. calories per kilo muscle from 

aerobic and anaerobic metabolism....| 250 | 264 | 150 352 | 462 


muscles during diving was about 10 cc. per kilo per minute (Table 
1, first column), which is probably near the rate of oxygen con- 
sumption before the dive. This figure is about 2.5 times the 
average figure found by Millikan (1937) for the soleus muscle of 
resting cats, and may in part result from some struggling by the 
seals when the samples were taken. The estimation suggests that 
during the first 10 minutes of a dive the total muscular metabolism 
may drop considerably, but after 10 minutes, as struggling usually 
increases, the lactic acid concentration usually rises enough so 
that the total aerobic and anaerobic metabolism for the dive ex- 
ceeds a non-diving resting metabolism of the same duration. If 
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the muscular activity were entirely cut down or very low, as it is 
in a dive while the animal is resting or slowly swimming, it is 
possible that the muscle metabolism would stay lowered for more 
than 10 minutes. Narcotized rats, unable to struggle, formed 
scarcely any lactic acid in their muscles when drowned (Scholander, 
1940). The general picture is, therefore, as follows: During the 
first 5 to 10 minutes of the dive the muscle metabolism is aerobic 
and tends to fall below the pre-dive resting rate. This fall is 
usually more than compensated for in the latter part of the dive 
by anaerobic metabolism which is greatly accelerated by any mus- 
cular activity; 7.e., the total energy expenditure of the muscles is 
usually greater during diving than before, even in relatively quiet 
dives. 

It seems that the isolation of the muscles from the circulation 
during diving must limit their capacity for activity because of the 
small size of the oxygen store and limit for accumulation of lactic 
acid. It seems doubtful that the lactic acid content could ever 
surpass 400 mg. per cent. If there were much struggling during 
the dive, this concentration, which would probably be very pain- 
ful, would soon be reached and the seal would have to emerge, per- 
haps even before the oxygen of the blood was very much depleted. 
At this maximum rate of lactic acid formation in the muscles for 
a 15 minute dive, their intrinsic metabolism would not provide 
more than about one-half of the resting metabolism of the whole 
animal during 15 minutes, even when some allowance for leakage 
of lactic acid from the muscles is made. What significance the 
limited muscular metabolism may have for making up the total 
balance sheet of the diving metabolism will be discussed in another 
connection (cf. Scholander, Irving, and Grinnell (1942)). 

It is interesting to note that seals swimming freely or in cap- 
tivity only rarely make dives of longer duration than 4 to 5 min- 
utes, and thus usually dive under a comfortable aerobic muscular 
condition without need for acid formation. The anaerobic re- 
serves of the muscles for more prolonged diving must be at least 
3 times as great as the aerobic, judged from the maximum diving 
time and increasing struggles towards the end of a long dive. In 
the bottlenose whale (Hyperoodon) and the sperm-whale (Physeter), 
the oxygen storage capacity of the crushed, nearly black muscles 
was as large as 6 to 8.5 volumes per cent (Scholander, 1940), or, 
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in natural conditions, probably closer to 10 volumes per cent, 
since the oxygen content of seal muscles in vivo often was found 
to be greater than that of the artificially saturated crushed muscles. 
Inasmuch as the observed diving times in these whales last from 
} to 2 hours, the aerobic resources of the muscles must be supposed 
to last correspondingly longer than in the seal. 


We wish to acknowledge our appreciation of the cooperation of 
Dr. Paul Galtsoff and the use of the laboratory of the United States 
Fish and Wildlife Service at Woods Hole. The work was facili- 
tated also by Mr. Thomas H. Dorr of the United States Fish and 
Wildlife Service at Boothbay Harbor, who supplied the seals. 
We are indebted to the Rockefeller Foundation for financial 
support. Miss B. Vennesland kindly made the determination of 
the glycogen in the muscles. 


SUMMARY 


By direct gas analyses it was found that the muscle hemoglobin 
in the diving seal was completely reduced after 5 to 10 minutes 
diving, after which lactic acid started to form in the muscles. 
The complete reduction of the muscle hemoglobin at a time when 
the blood is still half saturated with oxygen indicates isolation of 
the muscles from the circulation during diving. This is likewise 
indicated by the fact that the lactic acid which accumulates in 
the muscles during the dive practically does not enter the blood 
stream until during the recovery. It is concluded that the muscles 
are isolated from the circulation during diving and that the muscle 
hemoglobin acts as a local oxygen store for the muscles, enabling 
them to carry on aerobically during the first 5 to 10 minutes of a 
dive without recourse to lactic acid formation until after practi- 
cally complete reduction of the muscle hemoglobin. 
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Development of rancidity, particularly of the oxidative type, in 
fat is one of the important problems in the food industry. Diet 
influences the type of fatty acids deposited by the animal in its 
own fat tissue, and this in turn has a marked influence on the speed 
with which rancidity will develop in the stored fat. There is a 
possibility that substances which act to prevent oxidation may 
be present in body fat (5), and that these substances may be carried 
over from the diet of the animal and be deposited in the fat tissue. 
Lea (6) says it is “quite reasonable to suppose that nutritional 
factors may also affect the antioxidant-content of the fatty 
tissues,” and (6) “it might reasonably be expected that changes in 
fatty-acid composition and possible variations in antioxidant- 
content might result in some degree of correlation between the 
susceptibility to oxidation of the fat and the diet of the animal.” 
Lea also observed that under some conditions fat from thin hogs 
resisted rancidity better than fat from heavier hogs, even though 
the thin hogs had a softer fat. He suggests that in the heavier 
hogs fat deposition may have outstripped the accumulation of 
antioxidants in the tissue (4). In view of these suggestions, it 
seemed worth while to undertake a study of the influence of feeding 
antioxidants on the storage life of body fat. Hydroquinone (7, 3) 
and ascorbic acid (8, 5) have been shown to possess antioxidant 
activity. 

Method 


Eighteen rats, 8 weeks old, were divided into three groups. One 
group received a basal diet only. Each rat in the second group 
441 
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received the basal diet plus a daily dose of 1 mg. of ascorbic acid, 
and each rat in the third group received the basal diet plus a daily 
dose of 1 mg. of hydroquinone. Both the ascorbic acid and the 
hydroquinone were dissolved in redistilled water, which had been 
boiled and cooled. The dose was measured accurately in a tuber- 
culin syringe. 

The composition of the basal diet was as follows: salt mixture 
(Osborne and Mendel (9)) 5.00 per cent, casein 14.25, gelatin 
0.75, starch 56.00, agar 2.00, yeast concentrate 2.00, cod liver oil 
2.00, and olive oil (boiled) 18.00. 

The rats were killed after 2 months;the abdominal fat was dis- 
sected out and stored in sterile Petri dishes. The fat was stored in 
the dark, in a cool room. No temperature control was available, 
but all fats were subject to the same conditions. The fat from two 
rats from each group was analyzed for rancidity after 4 weeks, and 
analyses were made on fat from two rats from each series at 2 week 
intervals thereafter. The Lea peroxide test for rancidity was 
used (6). 


DISCUSSION 


Selection of the basic diet was influenced by two considerations. 
First, it should be as free of antioxidants as possible; second, it 
should be such that a soft body fat would be deposited, so the 
course of developing rancidity could be followed in a reasonably 
short time. The diet reported by Eckstein (2) was used, except 
that olive oil was substituted for triolein, and cod liver oil was used 
in place of the non-saponifiable matter from cod liver oil. Eck- 
stein reports that triolein feeding produced a body fat in rats 
having a higher degree of unsaturation than that obtained with 
other fats. Olive oil has an oleic acid content close to 85 per cent; 
so olive oil feeding should result in a soft body fat. Olive oil is 
also low in antioxidants. In order to reduce the antioxidant con- 
tent further, the olive oil was boiled in water 1 hour. Banks and 
Hilditch (1) had observed that olive oil which had been boiled in 
air-free water in an atmosphere of CO, exhibited a much reduced 
induction period, approximately one-tenth of the original. 


Results 


The analysis of variance of diet averages alone shows a sig- 
nificant difference in resistance to rancidity due to ascorbic acid 
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feeding (Table I). F (10)! equals 10.53, which approaches the 1 
per cent point of 10.56. Since rats do not require ascorbic acid in 
their food, it may be suggested that the extra feeding of ascorbic 
acid produced a state more nearly that of tissue saturation, in 
which sufficient ascorbic acid was retained in the fat tissue to help 
delay the appearance of rancidity. 

The fats showing high rancidity also tended to come from 
animals showing a high per cent of gain in weight. After correc- 
tion for the difference due to per cent gain in weight, F equals 4.58 
between the ascorbic acid diet and the other diets. This is not 
quite significant at the 5 per cent point (F equals 5.32 at the 5 per 
cent point). 

TABLE | 
Susceptibility to Oxidative Rancidity of Fat from Rats Fed Different Diets 


The values are expressed as cc. of 0.002 nN sodium thiosulfate per gm. of 
fat. Each figure represents an average of two samples from each rat. 


Period of storage | 


Diet | ; Means 
| 4 wks. | 6 wks. | 8 wks. 

Basal | 10.62 | 32.14 28.14 21.84 
6.35 | 46.21 7.58 

+ ascorbic acid . a 4.03 6.05 4.71 
1.76 5.19 | 8.98 

‘* + hydroquinone 0.44 3.76 | 66.89 23 .92 


4.30 | 30.71 | 37.42 


The results indicate that the differences in resistance to rancidity 
are due partly to thinness or fatness of the animal, and partly to 
the diet. 

Fat from the thinner animals and fat from animals receiving 
ascorbic acid tended to resist rancidity longer than that from 
fatter animals, or those receiving the basal diet alone, or basal diet 
plus hydroquinone. 

SUMMARY 


Rats were fed a synthetic diet; one group received no supple- 
ment, a second group received 1 mg. of ascorbic acid daily, and a 
third group received 1 mg. of hydroquinone daily. 

1 F, the ratio of two estimates of variance, is tested for significance by 


comparing the experimental value with tables showing its 5 and 1 per cent 
points. 
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The fats from each series were analyzed for rancidity at stated 
intervals. The results indicate that the differences in resistance to 
rancidity are due partly to thinness or fatness of the animal, and 
partly to the diet. Ascorbic acid feeding, together with a low per 
cent of gain in weight, resulted in a significant increase in resistance 
of the fat to rancidity. 
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THE EFFECT OF GLUCOSE ADMINISTRATION ON THE 
LEVEL OF BLOOD PANTOTHENIC ACID 


Sirs: 

Pantothenic acid, first recognized as an essential nutrilite for 
certain strains of yeast, appears now to function in some funda- 
mental manner in the metabolism of all living matter. 

Suggestive data have been obtained that pantothenic acid 
plays a réle in carbohydrate metabolism. This work has been 
reviewed by Williams.' More recently Russell and Nasset,? 
using dogs, found that supplementing an adequate stock ration 
with pantothenic acid resulted in a more rapid disappearance of 
the carbohydrate component from the gastrointestinal tract. 
The present report concerns the effect of glucose administration 
on the level of blood pantothenic acid with a view to determining 
more specifically the function of pantothenic acid in metabolism. 

Adult rabbits previously maintained on a diet of Purina rabbit 
chow were fasted for 12 hours. They were then fed varying 
amounts of a 50 per cent aqueous solution of pure glucose by 
stomach tube. Rabbits receiving corresponding amounts of 
water by stomach tube as well as untreated rabbits served as 
controls. At 30 minute intervals after treatment blood samples 
were drawn from the marginal vein of the ear and the content of 
pantothenic acid and glucose quantitatively determined. Pan- 
tothenic acid was determined by the method of Pennington, Snell, 
and Williams* as modified by Stanbery, Snell, and Spies‘ for ap- 
plication to the determination of pantothenic acid in blood. Blood 
sugar was determined by the method of Folin and Wu.5 


! Williams, R. J., Enzymologia, 9, 387 (1941). 

2 Russell, R. A., and Nasset, E.8., J. Nutrition, 22, 287 (1941). 

3’ Pennington, D., Snell, E. E., and Williams, R. J., J. Biol. Chem., 
135, 213 (1940). 

‘Stanbery, 8. R., Snell, E. E., and Spies, T. D., J. Biol. Chem., 136, 
353 (1940). 

5 Folin, O., and Wu, H., J. Biol. Chem., 41, 367 (1920). 
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The results of a typical experiment are given in the table. 
Examination of the data shows that oral administration of glucose 
to fasting rabbits, in addition to producing marked hyperglycemia, 
is accompanied by an appreciable lowering of the pantothenic 
acid content of the blood. 


Blood pantothenic acid, 


sugar z. per 100 cc. ; 
Blood sugar, mg. f ™ micrograms per 100 cc 


— Treatment 
0 30 60 9 0 30 60 90 
min. min. min min min min min min 
I Untreated 116 | 112 | 118 | 110} 21 20 | 2 | @ 
II 10 ec. H,O 120 105 | 113 | 105 34 35 34 31 
Ill 5 gm. glucose 85 | 206 | 203 | 140 | 34 | 28 | 25 | 


IV hee “ 92 | 252 | 248 | 170 | 34 30 | 28 | 27 


Changes in the level of blood pantothenic acid amounted to 
3 to 9 per cent for control rabbits receiving water, and 0 to 5 per 
cent for untreated controls. These fall within the limits of the 
method. In contrast, decreases of 20 to 30 per cent in the level 
of blood pantothenic acid have consistently been obtained follow- 
ing the administration of 5 to 10 gm. of glucose. This is inter- 
preted as additional evidence that pantothenic acid participates 
in glucose utilization. 
Department of Biochemistry Lemuet D. Wricut 

School of Medicine 

West Virginia University 

Morgantown 
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CRYSTALLINE MUSCLE PHOSPHORYLASE* 


Sirs ty 


The enzyme which catalyzes the reversible reaction, polysac- 
charide + POy—glucose-1-phosphate, has been prepared in crystal- 
line form from an aqueous extract of rabbit skeletal muscle. The 
enzyme constitutes about 2 per cent of the total protein of the 
extract. The method described below is the outcome of numerous 
experiments on the stability of the enzyme in different salt solu- 
tions at different pH and with and without addition of reducing 
agents. 

All operations are carried out in the cold room. The extract 
is filtered until clear and dialyzed for 3 hours against running 
water. Inactive, water-insoluble globulins are removed by adjust- 
ing the pH to 6 and filtration. The phosphorylase is then pre- 
cipitated in 1 per cent glycerophosphate and 1.68 m (NH4)2SO, at 
pH 7. After standing 12 hours, there is very little enzyme left 
in the supernatant. The precipitate is collected by centrifugation 
and dissolved in 1 per cent glycerophosphate and 0.03 M cysteine 
at pH 7. After dialysis against four or five changes of 0.5 per 
cent glycerophosphate and 0.004 m cysteine buffer solution at pH 
7 and 0° crystals appear. The crystals dissolve in the more con- 
centrated buffer solution at room temperature and recrystallize 
rapidly on cooling to 0°. The crystals, when first formed, appear 
as fine, slender needles, but upon standing they increase consider- 
ably in size and form long rodlets with sharp edges and blunt ends, 
visible with low magnification. 

The table illustrates the degree of purification achieved by suc- 
cessive recrystallizations. Enzyme activity, expressed in units 
per mg. of protein, was determined by a method described pre- 
viously.'. It may be seen that the activity in the mother liquor 
approaches more and more that of the dissolved crystals, indicat- 


* Supported by a research grant from the Rockefeller Foundation. 
1 Cori, G. T., and Cori, C. F., J. Biol. Chem., 186, 733 (1940). 
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ing that the mother liquor finally contains only dissolved enzyme 
protein. ‘This is also indicated by the fact that the third crop of 
crystals contained 83 per cent of the total protein and 87 per cent 
of the total activity. 

Successive Crystallizations of Muscle Phosphorylase 


Unite por mg. peotela Per cent activity without 





| 
Per cent of 





Per cent of | 


added adenylic acid 


Gus = 4 total protein | total mat | | ae 
Cxvetale Mother in crystals | in crystals on rr Mother 
y liquor ae liquor 

1* 2390 490 19 54 17 

2 3050 1570 69 28 

3 8240 2640 83 i | s 47 














* The activity in the ammonium sulfate precipitate was 840 units per mg. 
of protein. 


The enzyme crystallizes as an adenylic acid complex. The 
mother liquor of the first crystallization shows little activity 
without addition of adenylic acid, while the crystals show up to 
77 per cent of full activity when tested without addition of adenylic 
acid. Furthermore, it has not been possible to crystallize enzyme 
solutions which are inactive without addition of adenylic acid. 
As shown previously! for enzyme preparations with an activity of 
800 to 1200 units per mg. of protein, the crystalline enzyme is 
inactive in the direction to the left without addition of a trace of 


glycogen. 


ArpA ALDEN GREEN 
Gerty T. Cort 
Car. F. Cort 


Department of Pharmacology 
Washington University School of Medicine 
St. Louis 
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THE STRUCTURE OF SPHINGOSINE* 


Sirs: 


Levene and West! have suggested that sphingosine is 1-amino- 
2,3-dihydroxyheptadecene-4. Klenk and Diebold,? as a result of 
later studies, revised this formula to 1 ,2-dihydroxy-3-aminoocta- 
decene-4. The data of the latter authors establish conclusively 
that sphingosine has a Cjg chain, a double bond between carbon 
atoms 4 and 5, and an amino and two hydroxy! groups on carbon 
atoms 1, 2, and 3. However, their evidence for the relative posi- 
tions of the substituents is open to question. Therefore, as an 
initial step in a study of the biochemistry of the cerebrosides, we 
are making a further investigation of this problem. 

Sphingosine sulfate? was benzoylated in aqueous alkali in the 
presence of ether. The crude N-benzoylsphingosine thus obtained 
was reduced catalytically with platinum oxide to N-benzoyldihy- 
drosphingosine. The latter compound was converted in excellent 
yield to tribenzoyldihydrosphingosine (m.p. 144-146°) by ben- 
zoylation in pyridine. Tribenzoyldihydrosphingosine was hydro- 
lyzed to N-benzoyldihydrosphingosine with hot alcoholic alkali. 
The N-benzoy! derivative was not obtained in a crystalline form. 
Its purity was established, however, by analyses and reconversion 
to tribenzoyldihydrosphingosine in 90 per cent yield. 

N-Benzoyldihydrosphingosine was not oxidized by periodic acid 
under a variety of conditions. Since periodic acid is a specific and 
powerful oxidizing agent for 1 ,2-glycols, this result argues strongly 
against both of the structures proposed for sphingosine, since each 
of these contains a 1,2-glycol group. N-Benzoyldihydrosphingo- 
sine was readily converted into a cyclic acetal by the action of 
benzaldehyde and zine chloride. This reaction is characteristic of 


*The authors wish to thank The Upjohn Company for a Research 
Fellowship in support of this work. 

1 Levene, P. A., and West, C. J., J. Biol. Chem., 16, 549 (1913-14). 

? Klenk, E., and Diebold, W., Z. physiol. Chem., 198, 25 (1931). 
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either 1 ,2- or 1,3-glycols. It may be concluded from these reae- 
tions that N-benzoyldihydrosphingosine is a 1 ,3-glycol and that 
sphingosine, therefore, has the following structure. 


CH;(CH,) »CH==CH—CH—CH—CH, 
OH NH, OH 


We are continuing these studies and are attempting tosynthesize 
sphingosine and dihydrosphingosine. 
Division of Biochemistry Hersert E. Carrer 
Noyes Laboratory of Chemistry Francis J. Guick 
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